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THE STARK EFFECT FOR METALS 
By T. TAKAMINE 


In 1917 J. A. Anderson’ developed a method suitable for ex- 
amining the Stark effect for metals having a relatively high 
melting-point. The apparatus and methods used in the present 
investigation are essentially the same as employed by him, except- 
ing a slight modification in the construction of the 
cathode and the grating spectrograph. 


APPARATUS AND METHODS 


In his experiments Anderson used a cathode 
having a diameter of about 13mm. In order to 
attain a much stronger electric field, the diameter 
of the cathode, in the present work, was decreased | 
to 2 to 5mm. | 

In Fig. 1, A, a cylinder of the metal which is to 
be studied, is put into the iron frame C. Bis a 
disk of fused silica having a hole in thecenter. The » 
upper end of the cathode A extends about 0.3 mm 
above the upper surface of B. D and E£ are silica 
tubes ground to fit tightly together. D has a ver- 
tical slot, about 1 mm in width, which extends 
down to the level of the upper surface of B. The 
upper end of the slot was covered by a small piece 
of metal. F is the platinum wire leading down to 
the electrode below. 

The grating spectrograph is essentially the same as described 
by Anderson, excepting that a telescope objective of 5-foot focus, 
made by Brashear, was used as the collimator lens, and a Bausch & 
Lomb Tessar of F/4.5 aperture and 4o-cm focus as the camera 
lens. A Voigtlander Heliar lens of 15-cm focus and a double- 
image prism were placed between the source and the slit of the 


E 


= Mt. Wilson Contr. No. 134; Astrophysical Journal, 46, 104, 1917. 
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spectrograph, so that two images of the uncovered portion of the 
slot appear one above the other on the slit. The bell jar containing 
the cathode and the anode is pumped out until the Crookes dark 
space has a length of 1 or 2mm. Direct current to produce the dis- 
charge is supplied by a set of high-potential generators, each giving 
about 800 volts, connected in series. The number of dynamos used 
varied from 16 to 24. A milliammeter and a water-resistance were 
connected in series with the discharge tube, the current being in 
general between 20 and 4o milliamperes. The exposures varied 
considerably according to the cathode metal, ranging from a few 
minutes up to 2 hours. In order to avoid excessive heating of the 
cathode, the discharge was passed intermittently, the bell jar being 
kept cool by means of an electric fan. 

The intensity of the electric field was determined by using 
Stark’s data for the ‘‘Grobzerlegung”’ of the Balmer lines H6, Hy, 
and H6;' its maximum value at the cathode (Emax.) varied from 
28,000 volt/cm to 75,000 volt/cm. 

With the cathode of smaller diameter used in the present work 
the distribution of the electric field in the Crookes dark space was 
found to be parabolic, as noted by Yoshida and the author.? 

It has already been noticed by Anderson that the spectra of 
metals used as the cathode are excited to greater brightness when 
the residual gas is either air or oxygen than when it is hydrogen. 
In the present work air proved to be preferable to either oxygen or 
hydrogen. It would seem that the presence of nitrogen acts 
favorably in producing bright metallic spectra. 


RESULTS 


The spectra of the following ten metals were examined: Ag, Au, 
Co, Cu, Fe, Mg, Mn, Mo, Ni, W. 

Of these, no affected lines were observed in the spectra of Mn and 
W. In the course of the experiments a few lines of Na, N, and O 
were also found to be affected by an electric field. The spectra 
of Co, Fe, Mn, Mo, and Ni were fairly rich in lines, while the rest 
of them showed a rather small number of lines. The color of the 

* Elektrische Spektralanalyse chemischer Atome, 1914. 

* Memoirs of the College of Science (Kyoto Imperial University), 2, 137, 1917. 
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In each illustration the x-components are above, the p-components below 
@ Silver Ejay, =48,000 volt/em 
b Silver Ennax, =31,300 oe 
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d Silver Eyyay =26,700 se 
e Cobalt Emay, =33,300 wy 
Copper Emax, =75;209 £6 


g Copper Emax, =33,000 ss 
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glow in the Crookes dark space was a very bright green in the case 
of Ag, Cu, and Mg; fairly bright for Fe and Ni; and yellowish for 
Au, Co, Na, and Mo. 

In the tables the first column contains the wave-lengths, the 
second the series numbers whenever known; the third and fourth 
give the displacements of the p- and m-components, respectively, 
with relative intensities on a scale of 1-10. The displacements 
were measured at the maximum electric field, Emax,, which is given 
in the fourth column. For some lines special remarks are given 
below the table. 

Silver —With silver as the cathode the brilliancy of the greenish 
glow in the Crookes dark space was extraordinary, and strong lines 
came out with a few seconds’ exposure. The Stark effect for silver 
lines is remarkably similar to that for helium lines, Excepting the 
green lines, the rest of the first subordinate-series lines are spread 
out very widely on both sides, while those belonging to the second 
subordinate series are displaced in one direction only. Moreover, 
the former show a number of detached components just as in the 
case of helium. This is illustrated for the line \ 3810.85, in Plate 
Ia,b. The only difference we notice between helium and silver is 
that in the case of helium all the detached components appear 
invariably on the violet side, while in silver they usually appear on 
the red side. 

With respect to these detached components, it is important to 
note that Merton" has found that those belonging to helium can 
be arranged in a combination series. It seems very likely that the 
detached components of silver may have similar properties. 

These detached components are not of sufficient intensity to 
appear in the negative glow if, indeed, they exist there at all; they 
appear with sufficient intensity for observation only in the electric 
field. 

It is important to notice that there is another class of lines, 
first observed by Koch? in the helium spectrum, which shows this 
feature still more markedly. Their approximate wave-lengths 
are 4519, 4046, and 3930 A, and they begin to appear with an 

t Proc. Royal Soc., 95A, 30, 1918. 

2 Annalen der Physik, 48, 98, 1915. 


4 T. TAKAMINE 


TABLE I 
SILVER 
p-COMPONENT n-~COMPONENT a 
max. 
r SERmES in VoLt/cm 
Ad Int Ad Int 
V3;— 5.00 PRR hem rena teenies dl ltroray: 
vi 1.59 6 Nis a I 
— v1—0. 5 
3682.45... IN, TG) 5 ‘eae 5 48,000 
t+ 4.35 2 Tr+4.90 I 
Iz-+13.00 Te +e lta tehlenet aeeegal |e eters 
V3— 7-15 6 v3—4.78 3 
Va— 1.77 Io V2—1.40 3 
— 0. 2 Vi—-0.. 43 10 
B81 Poser! IN, 16 ha eh 5 ; re 5 48,000 
te trr+ 5.21 3 m+5.36 4 
T2+11.04 Bo Mavs Srereuene eveteve tone | ones 
2 OAON Ae. TIN, II5 + 0.15 2 +0.08 2 48,000 
B0Sn sO 7a IIN, I5 + 0.13 3 +o.14 3 48,000 
Rares a ein Ec V2—4.49 
Vi-— 5.20 8 Vi-—-3.21 
AOS GAA oe enalllefenbats iene . 4 : 2 3 56,000 
iit 3.33 10 Ir+3.20 Io 
AOSTOZ Se leeulnome siecieate + 0.88 3 +0.86 3 55,000 
A200! S tere srera| sicietsrers eee + 1.46 2 +1.28 2 55,000 
Silas) scons phen mates V2—3.54 B 
4210.87..... IN dle dios oe - at ze 56,000 
Ia 4.23 5 rr +3.99 5 
Vira GoAg 3 — 2.98 3 
AQT Oe 7 Orta IN, Is ° 5 ° 5 56,000 
t+ 2.53 3 +2.70 3 
G20 CR lr asa ee + 2.33 3 +2.14 3 56,000 
AAT OSE pa ceiellisrseaterstess eters + 0.04 10 +o0.02 10 48,000 
4668.58..... | Scdeteiet eis lec + 0.03 10 +0.03 Io 48,000 
REMARKS 


A 3810.85 The behavior of v. in the #-component and y; in the ”-component are 
anomalous. A companion line at +0.86 A has a violet component. 
4055.44 In both the p- and n-components v; is detached from the main line byo.2A. 
4081.7 The line appears only in a strong electric field. 
4226.55 The line appears only in a strong electric field. 
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electric field considerably stronger than is required in the case of 
the detached components discussed above, and gain in intensity 
very rapidly as the field-strength is increased. According to Koch 
these new types of lines, which, for convenience, we may call lines 
of Koch’s type, can be arranged in a combination series. The 
silver lines at AX 4081.7 and 4206.8 are evidently of Koch’s type. 

The line \ 3682.45, which forms a doublet with \ 3810.85, is 
quite similar to the latter in its mode of decomposition. In both 
the p- and m-components of these two lines the violet components 
vx and v, show an anomalous behavior. In a weak field they are 
displaced approximately in proportion to the field-strength; as 
the field increases this law ceases to hold, and in a strong field 
the displacement becomes practically constant. As will be seen 
in Plate Id, the phenomenon is especially marked for v; of the 
n-component. ‘The intensity of these p- and m-components is, so to 
speak, complementary. In fact v; is weak and v, strong in the 
p-component, while in the m-component exactly the opposite holds. 
As shown in Plate Ia, 0, the line \ 3810.85 is accompanied by a 
weaker line \ 3811.7, which has a violet component only. 

The electric effect for the two neighboring lines \A 4210.87 and 
4212.76 is shown in Plate Id. These two lines, together with the 
line \ 4055.44 shown in Plate Ic, form a doublet of the first subor- 
dinate series. The line \ 4212.76 behaves quite like 4055.44, 
while the line \ 4210.87 has its red component detached and at a 
considerable distance. 

Gold.—As shown in Table II, only three affected lines of this 
element were observed. 


TABLE II 
GOLD 
p-COMPONENT n-COMPONENT 
aN Xmax. 
rN Int. Ad Int. as Votre 
Varn 5/) 3 

BO Oe EGictse «jes —1.61 6 ee a 21,000 
AOSAUS Ta ec anes +0.05 7 +0.04 7 30,000 
AT 297 GOn reise = +0.32 4 +0.25 4 30,000 
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TABLE III 
CoBALT 
p-COMPONENT n-COMPONENT - 
oN Vour an 
Ad Int. Ad Int. a 

BOOAM Teles tieee ak {Onl e To Fil havenctenal es tevsverel  mpetenemonscene tate 335300 
BuOo Myra inernen +o.04 ites Memenerto aes SlinoossGans6 33,300 
Ailey Nice A. o-O% 0.05 Bel |e Rarstevseencveteo | onpnstatayneneae 33,300 
7B Ose ert Me +0.05 6 +0.05 6 333500 
OAR MOAN picteecnerts =O LE 6 +o.20 5 33,300 
NIGP Mie tn 6 OE +0.44 5 “0-35 4 333300 
AOOOr Lins okie ot SOn/ie 5 +0.47 4 33,300 
GEA SING OOO aS —o.84 2 —0.74 I 33,300 
MMA Soo) 0, 6 80S ODE mpl Te lee, mete Pa ae aes 2 33,300 
—1.75 3 = Ti, 2 33,300 

4129.86......... ace 2 +0.98 I 33,300 
MBO Pron coaoen ape ge 4 spol 4 33,300 
ATS DAL a aware sens -+0.20 7 +0.20 7 335300 
ATASAOA pre teeien ike AO) 4 +0.96 4 33,300 
{MBS Rn occ de PESOS 5 +1.33 2 331300 
ATS Zune nor +0.52 3 +0.41 2 335300 
VASO. Ba siooee +0.64 5 +0.49 5 333300 
AVALON SOMM Ore: +0.70 4 aisOry 3 33,300 
ALATA Staten tas trots +1.08 TU Lae Seen eaeerereraers 33,300 
ATAGR OS ote mises +0.63 5 +0.52 4 335300 
ATAACR Ornette +0.88 5 +0.65 4 33,300 
AUS SS Olresieee woes +2.06 Ds i) arecsielevetate mista oronanemeuenetensn 33,300 
ALOA sta etoleuste ces +0.87 Pee NP een stiodcacecs 33,300 
AinGfy Wife o06.00b00 +0.53 3 +0.41 2 331300 
ATO Sa O2 eter —1.71 3 +1.10 2 331300 
A ZOO ON areata 1.27 2 +1.00 I 33300 
AZOUNOL een era +1.53 4 SPY) 3 33,300 
LOBOS os see +0.78 3 +0.78 2 33,300 
ADT Me Omertien +0.15 I +0.08 I 33,300 
42 20S Masta s centers +o.12 2 +o.26 2 33,300 
ADOT 2 Trntsie a apeees —o.06 2 —0.05 2 335300 
A223 OS xee ee +1.25 2 +1.25 2 33,300 
Mopac ab ook —On53 3 —0.40 2 33,300 
LAS ORO! wn bseestaies —0.40 4 —0.27 3} 33,300 
BASO eT Moen aayste nike +0.46 4 --o.60 3 33,300 
ZV RONG BOs CUES Phe --o.70 2 0.82 2 33,300 
AIS TAvst3 sure ewonevae tee —0o.06 4 Ons 4 33,300 
AG Lee Aiden eas +0.65 2 +o.10 B 33300 
ABGOsOly hiner ieiei re 57/9) 2 —1.02 2 33,300 
AS St 2h cr ustenmat ae pietees Bi =F1.25 D 33,300 
ASOT sO tae —0.08 8 —0.10 8 33,300 
AOC 2 eure rem tants +0.42 2 0.44 2 33,300 
AT OAS Tiberi One 2 —0.25 2 33,300 
53300 SO cece —o.10 2 —0.15 2 25,200 
SATO Omar oaeneene —1.06 I —o.65 I 25,200 
GIS A Ol Liteatorsnereisia —= O48 & —o.18 5 25,200 
Bibb ace ° 4 : 4 25,200 

5 be ie I +o.50 I 25,200 
B03 OES Auer ees —0.22 6 —0.17 6 25,200 
O37 ei On eer ee —o.68 6 —o.76 6 25,200 

REMARKS 


d 4130.62 Complex? 
4133.94 Complex? 
4198.62 - and n-component displaced in different directions. 


a 


PLATE IT 
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In each illustration the x-components are above, the p-components below 


a 9 


ws 


Tron Emax, = 29,800 volt/cm 
Iron Emax. =29:800 
Nickel Ba = 38,500 


Molybdenum Eyyax,=38,600 
Molybdenum Ey,9x.=38,600 


Nickel Emax, =39:000 
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The line \ 3796.15 has a very faint detached component on the 
violet side, thus showing similarity to the copper lines Ad 3654.59 
and 3688 .60. 

The series relation in the spectrum of gold is not known, but 
judging from their Stark effect the lines \\ 3796.15 and 4128.80 
behave like diffuse series lines, while the line \ 4084.31 behaves 
like a sharp series line. 

Cobalt.—Like nickel, cobalt shows a considerable number of 
affected lines. In the case of chromium, Anderson found that 
many of the affected lines were not given in the ordinary wave- 
length tables. For several lines in the cobalt spectrum this is also 
the case, but for reasons similar to those given by Anderson in his 
paper they are included in Table III. A group of affected lines 
near \ 4100 is shown in Plate Ie. 

Copper.—The Stark effect for copper lines is in many respects 
similar to that for silver. Although too faint to be seen in Plate 
Tf, the diffuse series lines \A 3654.59 and 3688.60 are accompanied 
by detached components on the violet side. A series. of lines, 
evidently of Koch’s type, was also observed in the copper spectrum. 
Their approximate wave-lengths are 3652.6, 3686.7, 4015.8, and 
4056.8 A, the last two being superposed on the detached compo- 
nents of the diffuse series lines \A 3654.59 and 3688.60. 

The lines which form the term =4 of diffuse series, namely 
AA 4022.83, 4062.14, and 4063.50, are all displaced toward the red, 
as shown in Plate Ig. On account of the great intensity, a number 
of ghosts appear on either side in the reproduction. 

Iron.—As will be seen in Table V and Plate IIa, b, the Stark 
effect for iron lines is exceedingly small compared with other ele- 
ments, but the fact that it can be observed seems to be of no small 
importance, especially in connection with the pole effect, which will 
be discussed later. 

In the present investigation, which is of a preliminary character, 
only the green portion of the iron spectrum was studied. 

Magnesium.—In a previous investigation, carried out by N. 
Kokubu and the author,! four magnesium lines, AA 3093.1, 3097.1, 


* Memoirs of the College of Science (Kyoto Imperial University), 3, 173, 1918. 
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TABLE IV 
CoppER 
p-COMPONENT n-COMPONENT 
Emax. 
: Set: In VoOLT/cM 
Ad Int. An Int. 
v— 2.51 2 v —2.49 2\ ree 
ety Orta ee IN, II6 toe eel dee eee tee att 4 
BOSOmO 7 mre eierserata ahaa + 1.26 4 +1.40 4 44,000 
V2—10.30 1 ee aera tee 0 
688.6 IN. I6 Vx 5 Wa We eT fre feo ke a 44,000 
3088.60..... ; 5 4 BS p 
r+ 6.72 5 r+5.36 5 
Res ie 5 ae TIN, IIs — 0.16 3 —o.10 3 44,000 
BSsoNeneeen Ie Rens seco + 1.79 2 +o0.61 2 44,000 
B&O Ooms JIN, Is — O.I1 3 —0.12 3 44,000 
SOA Oat ated||tsierenerntereiere -+-"0.27 I +0. 23 I 44,000 
AOES HS deersocsalllatestsueye choke — 0.47 2 —0.43 2 33,000 
NOP OREN Sic, 02 IN, U5 + 0.46 7 +0.33 7 33,000 
AOSOnO pei P2 — 0.62 2 —0.65 3 33,000 
ACO 2 Alaa er UNS as + 0.60 nme) +0.44 Io 33,000 
ZOO ZS Onna IN, I5 + 0.37 4 --o.33 4 33,000 
AASONSOisiear= TIN, 14 + 0.09 6 +o.11 6 44,000 
4530-04 ae raee JIN, 14 + 0.04 6 +0.03 6 44,000 
Bune sie we oa IN, 114 — 0.10 6 —0.05 6 25,300 
C2 LOMAS Meas IN, 4 — 0.09 Io —0.07 Io 25,300 
22082 Gere UN Use ePastesacteusdesiee 4 —o.06 Ae Jl crarouce ehay scree 
REMARKS 


3654.59 The violet component is detached from the main line in both the f- and 
Superposed on the end of this violet component is another 
line which appears only in strong electric field, having the wave-length 


3088 . 60 
4015.8 


4050.8 


n-components. 


BOS 280s 


In the #-components v,; approaches the main line as the field-strength is 


increased. 


The line appears only in strong electric field, and may be regarded as a 
detached component of 4022.83. 
The line appears only in strong electric field and may be regarded as a 
detached component of 4062.14. 


4352.2, and 4703.3, were found to be displaced toward the red, 
and the line \ 4571.3 toward the violet in an electric field. Besides 
these lines the strong triplet AX 3829.5, 3832.5, and 3838.4 showed 
a tendency to shift toward the violet, but as the dispersion was 
very small (30 A per mm), the fact was stated with reserve at that 
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TABLE V 
TRon 
p-COMPONENT n-COMPONENT 
Xr Emax. 
AX # Int An Int SS Ak 
1 te Sy ena ae | —0.14 5 —0.15 5 29,800 
REO SED x cies +0. 73 4 +0. 28 4 29,800 
RBA EOOG Se « Sicrcles +0.05 2 -++0.05 2 29,800 
ROAR GN Oitets Gre 3s —0.06 Divi Sl ncgewets cre nee Rae ea 29,800 
(Oi ier ISS eae ee —0.13 3 —0.05 3 29,800 
AOA PEST ietateun< ke —0.05 5 —0.05 3 29,800 
BATO LQOOnn oe a ts —0, 02 3 —0.04 3 29,800 
iy lds at hel! its Gayle —o.1II 6 —0.06 6 29,800 
BABAOS Trae xs ce Ons Io —Ont2 Io 29,800 
BAAR BOAO eres aiaveimic —0.06 2 —0.06 2 29,800 
RASS ASS cle eyere ai —0.35 8 —0.38 8 29,800 


REMARKS 
5455-435 This line was not resolved from the neighboring line 5455.614. 


time. In the present work, using a dispersion of about 5.3 A per 
mm, the results in Table VI were obtained. 


TABLE VI 


MAGNESIUM 


p-COMPONENT n-COMPONENT 


x SS ee ee he eee eee Emax. 

Ay Int. Ay Int. i Vout/eue 
SEZOMSOES ot vise sae —o.08 3 —0.07 3 30,000 
3852 A5O 6. os 3601s —=O7.15 7 —0.06 7 30,000 
BOBS ABS cicttre ows —0.12 IO —0.05 10 30,000 


Molybdenum.—The spectrum of molybdenum shows many 
affected lines, especially in the green and violet regions. In the 
p- and n-components of the lines \\ 5238.41 and 5364.50 we notice 
the same complementary phenomenon in relative intensity which 
was noted in the case of the silver line \ 3810.85. In addition we 
have the curious feature that the p-component of \ 5238.41 behaves 
exactly like the m-component of \ 5364.50, while the 2-component 
of the former behaves just like the p-component of the latter. 
This remarkable feature is illustrated in Plate IId, e. 
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TABLE VII 
MoLyBDENUM 
p-COMPONENT n-COMPONENT 
» Emax. 
Ay Int. AX Int. Di VOEE eM 
AOL 7/05 Ocean eter —0.44 2 —o.18 2 38,600 
AO 2 Bij OAtaa teasers +0.41 I +0.39 I 38,600 
BODE Sh aie se revels —1.49 4 —1.06 4 38,600 
AOI" OSteaeie ete cies —1.51 3 —1.07 3 38,600 
AOOOTA Uutacectsite —1,01 3 —o.62 3 38,600 
AOPE CSA Grealer eiiric —1.17 I —1.00 I 38,600 
AUS FeSO eels ees Hes 92 4 12 | 8,600 
SOLA 3) Aye ; 
V2—1.78 & 
' a v—1.76 3 
A284 FONG a wb eee : pps | 38,600 
Tr+1.45 4 Fer Te80 4 
AOC an cance +0.47 3 +0. 36 3 38,600 
ftrto.41 2\ ( oe - 
AG 20 4535s cosas tele ° 2 38,600 
\te+2.09 fi r +1.53 i 
ASSSE OOM ae +0.53 3 +0.58 3 38,600 
AIS OT Ou sa cteae Taner +0.20 I 0.22 I 38,600 
—o.8 
ASS 22 OO rier iin { 5 9 a —0.49 2 38,600 
WOOO 6 a ahs oe +o0.42 4 +0.33 3 38,600 
ARPES cro 000 OF —On20 3} —0.20 2 38,600 
AT SOR] Lene eens —0.13 2” | liwssteae Saree leet eeee 38,600 
AOA AOA Rte +0,25 3 0.2 8, 
5 3 38,600 
Co fibse ie heed oigaeons +0.49 4 +0.94 2 38,600 
RLY Ss aU Arner poten —0.13 5 —0.04 5 38,600 
BETA SG veeravetorn sats —o. 6 _ : 
33 0533 6 38,600 
23 Sir A Lear — {—1.41 
5238.41 1.48 10 ey a 38,600 
—0.50 2 
G2A TOO nce te-artoreye|| ye ease iarelace acta le een eer ° ; 38,600 
: 1 +0.47 I 
2 
SOAST OL eter ere 3f +-0.32 3 38,600 
(OY eth amie nae —0.10 4 
PEA tec cl uc nn Ge poe 38,600 
BAT AO ac cogu soe +o,81 Be) +o.64 Io 38,600 
SAD 5 onan ne heres ae Sy 
\+0.43 4 +0.43 if 38,600 
: ete A pose I 
B4075 30m bes ee ) dsb ‘3 
wes ; 5 : 38,600 
+0.57 I 
DEV 6.0.0 snare +o.49 I -+o 
+35 I 38,600 
SEAA Ome eee 0.34 I +0.49 I 38,600 


Io 


i OY Ce ee eee B 
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REMARKS 
5241.09 This line may be regarded as a detached component of 5238.41. The 


p-component is too faint for measurement. 
5367.30 ‘This line may be regarded as a detached component of 5364.50. The 
n-component is very weak. 

Nickel.—In 1917 Anderson’ observed a number of affected 
nickel lines near } 4ooo A. In the present work, using a stronger 
electric field, the effect was much enhanced, as shown in Plate II/. 
Many affected lines were also found in the green and yellow regions. 
Plate IIc shows the effect for \ 5084.20. 

The Stark effect for a few lines of nitrogen, sodium, and oxygen 
was observed rather accidentally in the course of the present work. 

Nitrogen.—In our previous paper dealing with the Stark effect 
of calcium and magnesium? it was reported that certain lines of 
unknown origin came out quite frequently when Al, Ca, Mg, and 
Ta were used as the cathode, the residual gas being air or hydrogen. 
Two of these lines, namely AA. 4100.7 and 4110.3, were found to be 
displaced toward the violet and were marked by the letters C and 
D in our paper. Later, Yoshida noticed that these lines had been 
recorded by Moissan and Deslandres’ in their investigation of the 
nitrogen spectrum. 

In his study of the Doppler effect in canal rays, Hermann‘ men- 
tions that the two nitrogen lines \A 4100 and 4110 behave differ- 
ently from other lines. Since the discharge in pure nitrogen was 
not tried in the present work, the origin of these two lines may 
still be open to question. Table IX gives the displacement of 
these two lines. 

Sodium.—The cobalt cubes used contained a small quantity of 
sodium as impurity, which brought out the sodium lines \A 5682.90 
and 5688.26 fairly strongly. They belong to the first subordinate 
series of sodium and were found to be displaced toward the red, as 
shown in Table X. 


t Physical Review, 9, 575, 1917- 
2 T. Takamine and N. Kokubu, Memoirs of the College of Science (Kyoto Imperial 
University), 3, 173, 1918. 
3 Comptes Rendus, 126, 1689, 1898. 
4 Physikalische Zeitschrift, 7, 567, 1906. 
II 
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TZ 
TABLE VIII 
NICKEL 
p-COMPONENT n-COMPONENT 
A cmax 
ie Int. st Int. In VoLtT/cM 
LeViOLte o Rane omtod +o.69 3 +-0..57 cae biel lniae cicoscisioe's 
CYelediuRelo ce o.cowaue +0. 27 I +0.17 Tie Wi tear aereueteke 
MeO Gon ogosdcoo ne —0o.96 2 —0o.83 y PRS LCR B RC Cyc: 
BOO Ma wae eesinels —o.82 2 —o.82 PAREN ii re yo Air 0 
BOOT Oren sta +0.17 3 +o.18 MM I eckryenn eso bic 
BOLOe Teese ales —0O.17 x —0O.23 I 39,000 
BQ2T 7). « sine oe —0.93 4 —0.93 4 39,000 
BOSONS area ere +0.49 3 +0.57 3 39,000 
BOAR ya ster oe ieks —1,01 3 —1.02 3 39,000 
° 2 ° 2 39,000 
BOAA NS nehateor: oe (iene 7 +o.40 7 39,000 
BOS SO ne i ccs +o.65 I +0.64 I 39,000 
BOSAL ours —1.21 4 —1.21 4 39,000 
AIGA 6 orocdas or +0.57 I +0.47 I 39,000 
BO Sonne anree +o0.62 I +0.57 I 39,000 
Cie v/encuanso co —1.36 PP Ce ae eee I 39,000 
BOO 2 R25) eters tance chs —1.16 4 —1.22 4 39,000 
BOOA TAN Nctos sie sar -+0.54 3 +0.42 B 39,000 
BQ0SeSewustere nies —0.65 I —0.51 I 39,000 
MopfOsOSroc boone +o.19 8 +0.25 8 39,000 
207 2UOmeici ones ckotcne +o.40 3 +o0.40 3 39,000 
POY seieo.e So aoe +0.48 6 +0.44 6 39,000 
SOSA LO cts ciatietes —1.46 a —1.31 7 39,000 
BOOT Die ein encccveres s1.12 2 +1.06 2 39,000 
ZOOA a Macesnsraeciss * +0.50 5 +0.57 5 39,000 
EO aomaceactnaoe +0.36 2 +o.36 2 39,000 
BOOOr Suteriaeeute +0.18 2 +o.18 2 39,000 
BOOT! Siete aise atens ore (0) 7/47/ I =—0.73 I 39,000 
Un Onis om coda oF —1.04 8 —0.91 8 39,000 
AOD DG Me nies eens —1.00 2 —1.00 2 39,000 
AOD ANT Nae eee ae 48 3 © . 39,200 
On; WP Aaa Ai Seiel aca Savtug ornaenede ee areleareleeat 39,000 
AOQARO wereteacdate ees -+0.99 2 +0.59 2 39,000 
AOZEE To shes sersvcleters +0.42 4 +0.41 4 39,000 
AO2ZG.S sana: —0.70 3 —0.52 3 39,000 
A027 EO tena rane —=1.54 5 —1.44 5 39,000 
AO2ORO Meier +0.70 PR be AERO Ce nea Oe aS 39,000 
AOBA tr ecscunars semen +0. 27 2 +0. 24 2 39,000 
DS Fievy Te patcoie isa estekele +0.96 3 +o0.70 3 39,000 
AATOROO RN eee —o.18 6 —0.08 6 39,000 
AOS JA y ieenete set sie ee AYE | I —I. I 8 
gor8 48 ee tone 2 Ae soni Ob. bag Wee 
OAS OY actin Gn 6 +0.44 B +0.25 3 38,500 
(v1.29 7 —1.40 4 
OSAN20 teers rn eeeet. 4 E Oe Sea 
noed.20 |: Ban (Pasar ace TraeliO 20) alee 38,500 
tT, +4.70 I t2+4.62 Hi 


I2 


ee Oe oO ge ee en re an 
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TABLE VIII—Continued 


p-COMPONENT n-COMPONENT 
oN Emax. 
AX Int. AX Int. a 
LOO. ED scr ston +0.30 gia -++o.15 8 38,500 
MPO Rea chicas —0.09 4 —=0.07 4 21,800 
REA OWO Nett oak ere One 3 —0.07 3 21,800 
i OOO cin cis aic aes =o 70 5 —0.79 5 21,800 
PEO 7s syehavave wed —0.15 4 —0.09 4 21,800 
USVI okay cee he +0.29 3 +o.30 3 21,800 
AO 2) Ohare otlectre toc —o.86 I —0o.56 ic 21,800 
PA OOOO tyeserere 6 sic s —O. 15 2 —o.I1 2 21,800 
REMARKS 
dA 3803 Band superposed on this line. 
3909.10 Band superposed on this line. 
3939-3  Koch’s type. 
3957-8 Koch’s type. 
3962.25 Koch’s type. Detached component of 3962.25? 
3987.2 Koch’s type. 
4024.9 Detached component of 4024.1? 
5084.20 In both p- and m-components 7; and r, are detached. 
TABLE IX 
NITROGEN 
p-COMPONENT n-COMPONENT 
aN Emax. 
In Vott/cm 
AX Int. An Int. 
ETO f cai alc s,anamtere —o. 15 5 Omer, 5 56,000 
APTOS i ieve lo crsuscases —0.50 5 —0.40 5 56,000 
TABLE X 
SopIuM 
p-COMPONENT n-COMPONENT A 
* ose IN Vor on 
Ar Int. Ar Int. 
BOS2500n 6 a0 IN, 114 +1.82 2 +1.72 2 25,200 


BOSSe2Oe cu. IN, 14 +2.21 2 +2.08 2 25,200 
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Oxygen.—The red oxygen lines Ad 6156.198, 6156.993, and 
6158.415, which form a triplet in the first subordinate series, were 
all found to be displaced toward the red, as shown in Table XI. It 
may be remarked here that in the discussion given by Schénrock* 
on the width of lines the data for this triplet show considerable 
discrepancy, which may perhaps be accounted for by the Stark 
effect. 


TABLE XI 
OXYGEN 
p-COMPONENT n-COMPONENT Z 
r» SERIES % max. 
An Int. Ad Int. BN en 
OtSOmLOO ren TNI 0.37 I +0.48 I 18,200 
OLSOROOCE ERI TNI +0.51 2 +0.39 2 18,200 
GuSSrAGeeane TNI +o.60 3 +0.39 2) 18,200 


In connection with this it may be mentioned that the Stark 
effect for a number of green oxygen lines was first observed by 
Yoshida. 


THE STARK EFFECT AND THE POLE EFFECT 


One of the interesting features revealed by the present investi- 
gation is that there seems to be an unmistakable connection between 
the pole effect and the Stark effect. The pole effect for different 
elements has been studied by various investigators, an elaborate 
study of the phenomenon having been specially made for iron by 
St. John and Babcock.?, Table XII gives the comparison of these 
two effects for iron lines. 

As will be seen from the table, the two effects are in complete 
agreement as to the direction of displacement. Quantitatively, 
also, the agreement is fairly good except for the three lines 
AA 5162.32, 5424.057, and 5455.435. The last line is a blend, 
made up of \5455.614, which is an ‘‘a” line in the classification of 
St. John and Babcock, and \ 5455.435, which is an “e’’ line, and 


* Annalen der Physik, 20, 995, 1906. 


* Mt. Wilson Contr. Nos. 106, 137; Astrophysical Journal, 42, 231, SIGI Sara Os 
138, IQI7. 
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TABLE XII 
TRon 
STARK Ervect (Emax. : 29,800 Vort/cm) 
oN Pote Errect sh : 
a p-Component n-Component 
ES EON trae mcs seewiaiele —0.045 —0o.14 0:15 
TOO AT Dia whine ho aewnes +0.030 =-0..73 +o. 28 
5324.196........... +0.015 +0.05 +0.05 
ROAR OGO nye cieisrneti ele —0.028 ==O..00)) «pile nner eee 
GOES Siete cpenatenc sie ccs =O. Ons —6).13 —0).05 
AOARMS Lamhe niece Crs —0.025 —0.05 —0.05 
A LONOOOR Sp racciisteie cate —0.026 —0.02 —0.04 
RATS a OO Sie aicatencrsave + —0.030 —OnT —OnOU) 
RR APABORG eee aaisiercie s —0.027 —0.13 —0.12 
AAS OAC Sees orcas sue. —0.020 —0.06 —o.06 
GAS 5 CABS sarc ysis ese —o.016 —0.35 —o0.38 


hence shifted to the violet in the pole effect. In my spectrograms 
the dispersion was insufficient to separate the two, and consequently 
the displacement given is subject to considerable error. 

The pole effect for nickel lines was recently examined by 
Babcock and Merrill (unpublished), and a comparison of pole 
and Stark effect was also made for this element. In the green 
part of the spectrum very close agreement was found, as shown in 
Table XIII; but in the violet part those lines which show Stark 
effect are so diffuse in the pole effect spectrograms, especially at 
the negative pole, as to render the measurement almost impossible. 
An inspection of these diffuse lines, however, indicates that most of 
them are widened toward the same side as in the case of the Stark 


effect. 
TABLE XIII 


NICKEL 
STARK EFFECT 
oN Pore Errect *max, 
p-Component n-Component Oi 
AQ BURA Stone seceysi'earaie:e —o.006 =e esd 38,500 
IROUO TAGs eae wre cus totare ne -+o.006 sfOnZOume i 'euccaernrste tit cnet 38,500 
ROO DNS here cect ie israts +o .009 +0.44 +0.25 38,500 
OSA 20 ettvone ess cles =19 —0.009 —1.29 —1I.40 38,500 
LOOT Dit eith acheter oe oss +0.015 +0.30 +0.15 38,500 
SRNIC AQ Oise yatestyeh tis cece —0.007 —O170 —0.79 21,800 
RU OL 2 sieteuepal sion owe —0.008 —O.05 —0.09 21,800 
SUSAN Ose Oeics encte +o.o11 +0.29 +o.30 21,800 
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It should be remarked that in discussing the various causes of the 
broadening of spectrum lines Stark" suggested that the pole effect 
may be due to intermolecular electric fields. On comparing the 
results for the Stark effect with those obtained by King’ for furnace 
spectra, it was found that the lines which are affected in an electric 
field belong to high-temperature lines in King’s classification. 

A preliminary search for the possible relations between the 
Stark effect and the pressure effect on spectrum lines was made 
also. For this purpose a series of investigations on the pressure 
effect of the lines of Ag, Au, Cu, Fe, and Ni carried out by Duffield’ 
was referred to. Although it is difficult to make any definite state- 
ment, still in many cases there seem to be some indications that the 
Stark effect is involved as one of the causes affecting the pressure 
shift. For example, in the case of copper, Duffield classifies the 
lines in his Table VI in two groups, the one being strengthened as 
the pressure increases, while the other is weakened. On referring 
to the Stark effect we find that the lines which are affected by an 
electric field are all included in the latter class. Im comparing the 
pressure effect with the Stark effect, however, we see many lines 
which are broadened on one side with high pressure, but remain 
unaffected by an electric field, so that the relation is not so simple 
as in the case of pole and Stark effect. 

The relation between the Stark effect and the broadening of 
lines in arc and spark spectra was studied by Stark and Kirsch- 
baum, Stark,’ Wendt,° Merton,’ and others. In the course of the 
present work the following features were noticed: 

1. In the ordinary arc spectrum of copper the lines \d 4022.83 
and 4063.50 are usually very diffuse toward the red. In the Stark 
effect these two lines are also displaced toward the red. 

2. Striking similarity was noticed in the appearance of the silver 
lines \\ 4210.87 and 4212.76 as they appear in the arc and ina 

* Jahrbuch der Radioaktivitét, 12, 349, 1915. 

? Mt. Wilson Contr. Nos. 66, 108; Astrophysical Journal, 37, 239, 1913. 
ie Trans. Royal Soc., 208A, 111, 1908; 209A, 205, 1908; 211A, 33, 1909; 215A, 205, 

4 Annalen der Physik, 43, IOT7, IQI4. 

5 Jahrbuch der Radioaktivitat, 12, 349, 1915. 

° Annalen der Physik, 45, 1257, 1914. 7 Loc. cit. 
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strong electric field. (Compare Fig. 1, Plate I, in Duffield’s paper, 
Phil. Trans., 211A, 33, 1909, with Plate Ic.) 

3. Generally speaking, those diffuse lines which are marked by 
the letters u and U in tables of wave-length given in Kayser’s 
Handbuch der Spectroscopie were found to be affected by an electric 
field. . 
4. In the green part of the spectrum of a condensed spark dis- 
charge between iron poles those lines which are affected by an 
electric field invariably appear very hazy. 


STARK EFFECT AND SERIES RELATIONS 


Unfortunately the series relations in the spectra of the elements 
investigated here are not yet known except for silver and copper. 

In Table XIV the affected lines of silver and copper are arranged 
according to their series relation, the + and — signs showing the 
direction of dispiacement in an electric field. 


TABLE XIV 
SILVER COPPER 
I.N.S. ILN.S. TNS. IL.N.S. 

SA7Ta7 2 4668.70+ 5§220.25— 4531 .04+ 
ES We CC Or eae 65.66? 4476.29+ 18.45— | 4480.59+ 

5200.25) > _ Pl AM Se Paste S153 13 Seu lcerenene aee 

4212.76 (complex) 3981 .87+ | 4063.5o+ | 3861.88— 
TE Go Gann ACT 4210.87 (complex) 3840.74+ 62.14+ 25.13— 

40857406 (Complex)! “|Nanaae ona Pp eta Mla ocnt bo. catec 

3810.85 (complex) 3710.1 + | 3688.60 (complex, main 
Ab One rele is els 9 line+) ; 

3092545 (COmplex)igeelnanrencr err 54.59 (complex, main 

line+) 


In general, the diffuse series lines (I.N.S.) show more or less 
complex decompositions, while the sharp series lines (II.N.S.) are 
simply displaced in one direction, a feature which is very pronounced 
in the Stark effect for helium lines.* 


1 The fact that some of the sharp series lines of helium are not merely shifted in an 
electric field, but are resolved into a number of components, is stated in a previous 
paper (Proceedings Tokyo Math. Phys. Soc., I, 9, 394, 19 18). 
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With respect to the direction toward which the lines are dis- 
placed, silver shows all its sharp series lines displaced toward the 
red, while in the case of copper the lines of both sharp and diffuse 
series change sign of displacement as we go from the term number 
n=4ton=5. It is remarkable that exactly the same feature was 
observed for the diffuse-series lines of magnesium in our previous 
work,? in that the lines AA 3829.5, 3832.5, and 3838.4 correspond- 
ing to n=4 are displaced toward the violet, while the members of the 
next term Ad 3093.1 and 3097.1 are displaced toward the red. 

In general the relation of the Stark effect to the series law seems 
to be less simple than that of the Zeeman effect. An extension of 
our study of the Stark effect to the ultra-violet region seems to be 
highly desirable. 

For those elements whose series relations are not yet established 
it appears that the Stark effect may be utilized as a powerful means 
of finding the relationships. 

It may be worth mentioning that, of the elements studied in the 
present work, Na, Cu, Ag, and Au are all in the first column of the 
periodic table, while O and Mo together with Cr, which was studied 
by Anderson, are in the sixth column. ‘The similarity of the electric 
decomposition of the lines of the elements in any one column of the 
periodic table is very striking when we compare, for example, the 
lines of Ag, Au, and Cu; also those of Mo and Cr as well as those 
of Fe, Co, and Ni. 

In conclusion I wish to express to the members of the Observa- 
tory stafi my very deep appreciation of the opportunity for my 
work at the Observatory. I am under particular obligation to 
Dr. J. A. Anderson for his kind guidance throughout the experi- 
ments, and to Miss M. O. Burns of the Computing Division for her 
careful measurements and reductions. 


SUMMARY 


1. Adopting the method employed by Anderson, the Stark 
effect on the spectra of the following metals was investigated: 
Ag, Au, Co, Cu, Fe, Mg, Mo, Ni. In addition to this a few lines 
of Na, O, and N were found to be affected by an electric field. 

*T. Takamine and N. Kokubu, loc. cit. 
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2. Close relations were found between the pole effect and Stark 
effect in the spectra of iron and nickel. 

3. Several instances showing the close relation between the 
Stark effect and the broadening of lines in the arc and spark spectra 
were noticed. ’ 

4. The connection between the series relationship and the Stark 
effect seems to be somewhat more complicated than in the case of 
the Zeeman effect. In some cases the side toward which the line 
is displaced in an electric field is different for different term numbers. 

5. As in the case of helium, detached components and isolated 
lines, having the peculiar property of showing themselves only in 
strong electric fields, were observed in the spectra of silver and 
copper. 

6. In the spectrum of molybdenum a curious complementary 
feature between p- and z-components of the two lines, Ad 5238.41 
and 5364.50, was observed in that the p-component of the former 
was exactly the same as the m-component of the latter, and vice 
versa. 


Mount Witson OBSERVATORY 
March 1919 
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NOTE ON THE RELATIONSHIP OF MEAN PARALLAX 
TO MEAN PROPER MOTION 


By GUSTAF STROMBERG 


Recent correspondence with Professor Kapteyn has directed 
attention to an apparent contradiction in the results for parallaxes 
determined by the spectroscopic method which were published in 
Coniribution No. 142 and used in deriving the formula for mean 
parallax given in Contribution No. 144. When arranged in the 
order of proper motion and grouped into means, the spectroscopic 
parallaxes for stars of very small proper motion are system- 
atically larger than the corresponding mean trigonometric values. 
Since the initial values of the reduction constants for the 
spectroscopic method were necessarily calculated from trigono- 
metric parallaxes, one might thus be led to infer that the spectro- 
scopic results are not in harmony with the data upon which they 
are based. Such a conclusion would not, however, be justified, 
for two reasons: first, the constants used in deriving the spectro- 
scopic parallaxes in Contribution No. 142 depend not only on the 
trigonometric results for stars in this list but also on data for other 
stars published elsewhere;' and second, in the comparison described, 
the group of small proper motions does not include all the distant 
objects, even of the list in Contribution No. 142, which were used in 
deriving reduction constants for the highly luminous stars. A 
considerable number of stars of small parallax have relatively 
large proper motions, and these naturally appear in the group of 
tapidly moving stars which as a class are relatively near and not 
highly luminous. 

As a whole the spectroscopic results are, in ge in harmony 
with the trigonometric parallaxes upon which they were based, as 
may be seen from Tables II and III in Contribution No. 142. 
It is only when the stars are arranged according to proper motion 


t Proc. Nat. Acad. Sci., 2, 152, 1916. 


21} I 


2 GUSTAF STROMBERG 


that the systematic difference appears, and it is then important 
only for the stars of small proper motion. 

The discrepancy in question, which had already revealed itself 
~ in another manner during the continued development of the spectro- 
scopic method, is not therefore a contradiction in the sense suggested 
above, but instead an indication of systematic errors which were to 
be expected in the easly results for distant stars arising from the 
very scanty data available for small parallaxes when the method 
was first introduced. As additional data became available, it 
was soon found that the absolute magnitudes of highly luminous 
stars derived with the original reduction constant, were systemati- 
cally too faint. The corrections required for the brightest stars 
ranged from —o.5 to —1.5 mags. The results for the less luminous 
stars, on the other hand, appeared to be substantially correct. 

A final reduction system could, however, be approached only 
through a series of successive approximations; and later, when 
even more complete material had become available, an extensive 
investigation of the whole question was undertaken, based on all 
known trigonometric parallaxes of high weight and also upon the 
parallactic motions of the stars whose parallaxes had been spectro- 
scopically determined. Inasmuch as the latter now number more 
than a thousand, they afford an invaluable aid in establishing a 
_ final system, especially for the case of the distant stars. Since it 
is proposed during the course of the year to revise again the entire 
calculation with the aid of still more extensive data, the publication 
of details will be deferred until later. Certain general statements, 
however, can profitably be made at present. 

The general method has been to divide the stars according to 
five spectral classes and then, within each division, arrange the 
results according to the absolute magnitudes calculated from the 
line-intensities. Systematic corrections to these absolute magni- 
tudes were then computed for each of the groups, the respective 
values of AM being derived from both trigonometric parallaxes and 
parallactic motions. The resulting corrections found by the two 
methods are in general small and in close agreement with each 
other. When applied to the provisional absolute magnitudes 
determined spectroscopically, they lead to parallaxes which are in 
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excellent agreement with the trigonometric results, even when the 
data are grouped according to proper motion. 

After the completion of the calculation, through the kindness of 
Schlesinger and Mitchell we received extensive manuscript lists 
of directly measured parallaxes of bright stars, and these too are 
in close agreement with the revised spectroscopic values. 

One very important result of the investigation is the light thrown 
upon the sensitiveness of the spectroscopic method as applied to 
stars of different luminosity. If for any given luminosity the 
change in the absolute brightness should be large as compared with 
the change in the line-intensity, it would be impossible to determine 
the corresponding absolute magnitude accurately from observed 
line-intensities. By grouping the data in such a way as to give for 
the various spectral classes a series of corresponding values of 
mean line-intensity and mean absolute magnitude, we derive at 
once upon plotting the results a series of curves which show the 
change of M with line-intensity throughout the whole range of 
observed luminosity. The behavior for different spectral lines is 
different, but in no case, even among the most luminous stars, does 
the rate of change in M attain values which would render the cal- 
culated value of the absolute magnitude seriously uncertain. In 
most cases the curves are approximately straight lines, sothat the 
uncertainty seems to be practically independent of the luminosity. 

Another consequence of the rapidly increasing number of spec- 
troscopic parallaxes is that it has been possible to make a closer 
study of the nature of the relationship between mean parallax 
and mean proper motion for certain apparent magnitudes, and 
especially to test Kapteyn’s formula for stars of very small proper 
motion. In particular it was important to find whether or not the 
mean parallax tends toward a finite lower limit when the proper 

motion approaches zero, as was indicated in my previous paper." 

Since the spectroscopic criterion is found to be valid for the 
most luminous stars, it is evident that spectroscopic parallaxes 
are much more suitable for such a study than those derived 
trigonometrically, for the percentage errors in the former are 
approximately constant. The absolute errors thus decrease with 

1 Mt. Wilson Contr. No. 144; Astrophysical Journal, 47, 7, 1918. 
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the parallax, and for small parallaxes should be very small, 
whereas the absolute errors in the trigonometric parallaxes are 
about the same for all values of the parallax. 

All the stars between apparent magnitudes 3.5 and 6.5 having 
proper motions smaller than 075, for which either spectroscopic or 
trignometric parallaxes were available (February 1919), have been 
used in this preliminary investigation. After applying corrections 
to the spectroscopic results to reduce them to the revised system of 
absolute magnitudes referred to above, the data were grouped 
according to apparent magnitude and proper motion. Stars of 
apparent magnitudes 4.5 and 5.5 have been included with both 
the adjacent.groups. All spectral classes from A7 to Md have been 
taken together. Only the best trigonometric parallaxes have been 
used, and those of larger probable error appear only in combination 
with other determinations for the same star. The resulting mean 
values are in Table I, 7, indicating the spectroscopic parallaxes 
and 7, those obtained trigonometrically. 

The values 7, are mean parallaxes computed from Kapteyn’s 
formulat 

log 7,= —0.789+0.649 log u—0.0434 m, 


using for w the mean of the proper motions for the corresponding 
groups of spectroscopic and trigonometric parallaxes, and for m, 
4.0, 5.0, and 6.0, respectively. The differences between the three 
series of parallaxes are in the last three columns of the table. 

In spite of the fact that both the spectroscopic and trigonometric 
results have been greatly increased in number since the systematic 
corrections were calculated last summer, and the further fact that 
these corrections were based upon parallactic motions as well as 
trigonometric parallaxes, the agreement between the spectroscopic 
(7,) and the trigonometric (7,) results is as good as can be expected 
especially when we bear in mind that the relation between parallax 
and proper motion is a statistical one and for the two classes of 
parallaxes refers partly to different groups of stars. 


a Groningen 8, p. 24. The constants in this formula are partly based on parallactic 
motions calculated with a solar velocity of 16.7 km per sec. To reduce the results to 
the solar velocity at present accepted they should be decreased by about 16 per cent. 
Since the parallaxes with which we are concerned are very small, the correction has 
been disregarded in the comparison. 
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The agreement of the results with the mean parallaxes derived 
from Kaptéyn’s formula (for the various comparisons see also 
Fig. 1) is also as good as could have been anticipated, and shows 


Apparent 
Magnitude 


3.5 t04.5 


(5 COS eS 


.5 to6.5 


Fic. 1 


Relationship between mean parallax 7 and mean proper motion #. The dots 
indicate spectroscopically determined parallaxes, the open circles trigonometric 
parallaxes, both for groups of stars within certain intervals of proper motion. 


The smooth curve indicates Kapteyn’s relation between a and p for the apparent 
magnitudes 4.0, 5.0, and 6.0. 


that his results in Groningen No. 8, which were based on the 
proper motions of the Bradley stars and a comparatively small 
number of directly measured parallaxes, are in good accordance 
with recent determinations of proper motion and parallax. 
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It should be noted that the formula which summarizes Kap- 
teyn’s results claims to be nothing more than an interpolation 
formula, namely, the simplest of several tried which satisfactorily 
represent the observed data then available, and that the smallest 
observed mean motion used in its derivation is about o”04 with a 
corresponding mean parallax of o’or.1_ Kapteyn himself points out 
as an objection to the formula that its analytical form requires a 
zero value of the parallax for stars having zero proper motion, but 
immediately remarks,? “for proper motions sensibly below o”o1, 
the parallaxes derived from. our [Kapteyn’s] formulae cannot be 
accepted with any great confidence. The harm done, however, is 
not great, because it is doubtful whether we can affirm the reality 
of any computed proper motion of such an amount.”’ 

Meanwhile it has become important to know something of the 
analytical character of the formula for very small values of the 
proper motion because of its bearing on the frequency of highly 
luminous stars. Apparently some modification of the simple form 
proposed by Kapteyn will be required for the representation of 
parallaxes corresponding to very small proper motions, for as it 
stands it implies that stars of vanishingly small motions are of 
enormous luminosity. The difficulty is also revealed by the remark 
that for any given m the expression 

5 log r=M—m—5 
defines a lower limit to the parallax, whose numerical value, inde- 
pendently, of the proper motion, is determined by the upper limit 
of the luminosity. Practically the luminosity is not infinite; in 
fact, M is probably very seldom less than —5. Hence the mean 
parallax cannot be zero no matter how small the proper motion. 
It may be noted, however, that, as m increases, the minimum 
value of w decreases, and in consequence we should expect the 

On page 2 of Contribution No. 144 a reference was made to extrapolated values of 
the mean parallax derived with the aid of this formula. It should be stated that here 
as elsewhere in that contribution the deviation of the mean parallaxes computed 
with the formula of Kapteyn from those derived spectroscopically is appreciable only 
for proper motions less than 0703. This remark is made in justice to Professor 


Kapteyn, inasmuch as certain passages in the article might be interpreted as implying 
that the validity of the formula is much more restricted than it really is. 


2 Publications of the Astronomical Laboratory at Groningen, 8, p. 20. 
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representation afforded by Kapteyn’s formula in the region of 
extrapolated values to be more satisfactory for the fainter apparent 
magnitudes than in the case of the brighter stars. In fact, some- 
thing of the kind seems to be indicated by the data now available. 

When the spectroscopic method of determining stellar parallaxes 
was first applied to stars of small proper motion it was found that 
the line-intensities of stars of proper motion up to about 0703 
or o”o4 were nearly the same,’ which indicated that the corre- 
sponding absolute magnitudes were nearly constant. ‘The spectro- 
scopic parallaxes thus appeared to have a lower limit, depending 
on the apparent magnitude and on the upper limit of luminosity. 
The sensitiveness of the method was then tested in the manner 
described above for the stars in question by grouping them accord- 
ing to line-intensity and comparing the results with the absolute 
magnitudes which were calculated from parallactic motions derived 
by considering all the stars of the same line-intensity, without 
restriction as to the amount of proper motion. 

In other words the distant stars showed scarcely any correlation 
between amount of proper motion and line-intensity, whereas there 
was a strong correlation between line-intensity and mean parallactic 
motion. 

It thus seemed desirable to modify Kapteyn’s formula in such 
a way as to obtain a finite parallax for vanishing proper motion. 
The following mean parallax formula was accordingly proposed ?? 


log r=log A+0 log (ut+c)+m loge 
T=A (utc )’e™, 


The constant 6 was found difficult of determination; but fortunately 
it could be assumed equal to 1, the resulting error affecting only 


or 


t Attention was called to this fact in the sentence preceding equation (5), Con- 
tribution No. 144: “For values of « smaller than about 0703 the parallax is almost 
independent of the proper motion.”” The meaning here is that if we consider the 
parallaxes for ~<0'03 by themselves (see Fig. 1, Contribution No. 144) the values of 
log w can be as well represented by a line parallel to the log u-axis as they are by the 
curve adopted. The jatter refers to the results as a whole, and, being the equivalent 
of a linear relation between w and y, would indicate that the variation of x with p is 
Just as great below p=0"03 as it is above this limit. 


? Mt. Wilson Contr. No. 144; Astrophysical Journal, 47, 7, 1918. 
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the parallaxes of stars of very large proper motion. Hence the 
simpler relation was used: 
w=A (p+c) e* 
or 
log =log A+log (utc )+m log «, 


i.e., a linear relationship between 7 and yw. The divergence between 
this formula and that of Kapteyn is clearly seen if we plot™ the 
logarithms of 7 and uy. 

Since the above formula was proposed, the spectroscopic paral- 
laxes have been revised and corrected for systematic error and a 
large amount of additional data has been collected. But in spite of 
this, the present results, as shown by Figs. 1, 2, and 3, do not 
indicate that any change in the analytical form of the equation is 
required. The constants have of course been modified, but the 
evidence still points strongly toward the conclusion that for very 
small mean proper motions, below the limit to which Kapteyn’s 
formula strictly applies, the mean parallax approaches a finite 
limit whose value in turn approaches zero as the apparent magni- 
tude m of the stars considered becomes very large. 

Consider first the trigonometric parallaxes. Here we must 
bear in mind that the parallaxes of stars having small proper 
motions are very small. In consequence their percentage errors 
are large. The most reliable comparison is afforded by the stars 
of brightest apparent magnitude, since their parallaxes on the 
average are larger than those of fainter stars. For apparent magni- 
tudes 3.5 to 4.5 there is a close linear relationship between 7 and 
u, the parallax for vanishing proper motion being about o/or. 
In the case of apparent magnitudes 4.5 to 5.5 the relationship is 
perhaps not strictly linear (i.e., b< 1), but there is here also a clearly 
marked lower limit for the trigonometric parallaxes equal to o’o1, 
the same as for stars of mean magnitude 4.0. For the stars of 
magnitude 5.5 to 6.5 the trigonometric parallaxes can be reconciled 
with a curve through the origin, but the errors are here of nearly 
the same magnitude as the parallaxes themselves. 

Turning to the spectroscopic parallaxes, we find that they 
similarly show lower limits for the mean parallaxes corresponding 


t Loc. cit. 
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to vanishing proper motion, whose values are o’or1, o¥009, and 
0006, respectively, for the magnitudes 4.0, 5.0, and 6.0. These 
limiting values of 7 correspond to the following minima of mean 
absolute magnitude: —o.8, —o.2, and —o.1, respectively. 

We may summarize the result thus: The spectroscopic method 
of determining absolute magnitudes, when applied to stars of 
proper motion below 0703 or o%04 and of apparent magnitude 
brighter than 6.5, indicates a maximum luminosity corresponding 
to a mean absolute magnitude of about —o.5, which defines the 
lower limit of parallax for ordinary stars of types F, G, K, and M. 
There are of course absolutely brighter stars of these types, but 
they cannot be distinguished by the amount of proper motion alone. 
In classing the stars according to line-intensity, however, we find 
groups of stars of luminosity up to about —2, and in individual 
cases an even higher luminosity up to absolute magnitude —4 or 
—s. The lower limit of the mean parallax thus defined for stars 
of small proper motion is not in conflict with the trigonometric 
parallaxes, at least not for stars brighter than 5.5. For apparently 
fainter stars the trigonometric parallaxes are too small to indicate 
the limiting value, at least with the present amount of data. 

The number of stars having extremely small proper motions is 
not very large, but the mean parallax formula should be valid 
for all proper motions. Table II, derived from Boss’s catalogue, 


TABLE II 


% 
PERCENTAGES OF STARS OF DIFFERENT 
PROPER Motions 


BL 


Apparent Magnitude | 2o’0s0 | =o0%024 | =o%or2 
S32 Onn ee 35 It 8 
3250) to AnOniea are 26 12 8 
4.0 | 4S ecseeee 34 16 5 
4.5 Otte ees 40 19 8 
5.0 ttt: 43 20 8 
5 5) OO ee 43 20 7 


will give some idea of the numher of stars of small proper motion 
of spectral types F, G, K, and M. | 
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The percentage errors in the motions are of course very large 
for small proper motions, but fortunately these are less serious in 
their effect upon the mean parallax than formerly appeared to be 
the case, for the modified formula, which seems to be required by 
the observed data, indicates that for small proper motion the 
percentage change in m with changes in w is small. Consequently 
a considerable uncertainty in ~ means only a small uncertainty in 
the corresponding mean parallax. 

For vanishing proper motions the modified mean parallax 
formula goes asymptotically over into 


log r=log A’+m log «, 


which is of the same form as Kapteyn’s second parallax formula. 
The meaning of the two formulae is somewhat different, however, 
for the asymptotic limit holds only for zero proper motions, while 
Kapteyn’s relation between mean parallax and apparent magnitude 
refers to the mean proper motion of the stars of the apparent 
magnitude considered. 

In this connection attention should be called to the fact that 
the mean of a group of observed proper motions is always too ~ 
large, owing to the effect of the squares of the errors. If the errors 
in the measurements of the two components of proper motion, 
Ha COS 6 and us, have a normal distribution, it can be proved that, 
even when the proper motions are all actually zero, the mean of 
the measured values of proper motion will be 


Beat 35 e=1.867, 
2 


where e and r are the absolute values of the mean and probable 
errors in the two measured components. The lower limit of the 
mean of the observed proper motions is thus equal to this amount. 
For r=+o0%005 (Boss’s catalogue) the limit is 070093. Any 
grouping of stars according to proper motion smaller than about 
o’ors is to a large extent a grouping according to accidental errors. 
Further, the number of stars of proper motion smaller than o’or2 
as given in Table IT would be somewhat increased if the mean proper 
motions had been corrected for the effect of the squares of the errors. 
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Finally it may be remarked that the functional relationship 
between @ and p given above does not apply if we group the stars 
on another basis than the amount of proper motion itself. For 
example, let us classify the stars of a given apparent magnitude 
according to some characteristic correlated with absolute magnitude 
(line-intensity, Cepheid variation, etc.) and compute the mean 
parallax and mean proper motion for each of the groups thus 
derived. Passing from group to group in the order of increasing 
luminosity, 7 and p both decrease and simultaneously approach 
zero as the luminosity becomes infinitely great. 

This is clearly seen if we start from the relation between proper 
motion and linear tangential velocity, ¢, relative to the sun. For 
a single star ‘this relation is 


t 
waz, k= 4.738. 


For a constant m and increasing luminosity, 7 gradually decreases 
and produces a corresponding decrease in yw; but w cannot become 
zero unless 7 also vanishes, for the mean tangential velocity of a 
group of stars of any given luminosity can in no case be equal to 
zero. A similar result follows when we classify the stars according 
to apparent magnitude and form for each group the mean proper 
motion and mean parallax. In this case also the functional relation- 
ship between uw and 7 must be such that they approach zero simul- 
taneously as we consider larger and larger values of m. 

These cases are to be distinguished sharply from that with which 
we have been concerned in the above discussion. There we have 
grouped the stars directly according to proper motion. For any 
given apparent magnitude the parallax cannot fall below a certain 
limit; but, by virtue of the basis of grouping, there is no finite 
lower limit to the average linear velocity ¢. With such an arrange- 
ment of the data, therefore, the mean proper motion approaches 
zero as we pass from group to group; 7m also decreases, but, in 
this case, converges toward a finite limit for zero proper motion. 


Mount WIitson OBSERVATORY 
March 1919 
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NOTE ON THE POLARIZATION OF THE NIGHT SKY 
By HAROLD D. BABCOCK 


At the suggestion of Lord Rayleigh (then Professor Strutt), 
attempts were begun at Mount Wilson during the past spring to 
detect the presence of polarization in the background of the night 
sky. During the preceding year he himself had made some observa- 
tions in England for this purpose, and very kindly loaned to us the 
large Nicol prism and pair of quartz plates which he had used. 
When combined with a short-focus lens of large relative aperture, 
these form a photographic Savart polariscope well adapted to the 
problem. It was found, however, that the weight of the assembled 
apparatus and the losses of light therein were undesirably large, 
and a simplified arrangement was developed (after Cornu) which 
has proved very satisfactory. 

For monochromatic light the variation of intensity across the 
field of a Savart polariscope takes the form of a smooth curve, 
i.e., the maxima and minima are separated by regions of intermedi- 
ate intensity. Furthermore, when a considerable range of wave- 
lengths is employed, there is a flattening of the scale of contrasts, 
due to the change of spacing of the bands with the wave-length. 
This effect must tend to diminish the sensitivity of the Savart 
polariscope, especially when it is used photographically to detect a 
small percentage of polarized light in a large amount of ordinary 
light. In the polariscopes described below, areas of maximum and 
minimum intensity are placed side by side in the field of view, 
unseparated by regions of intermediate intensity, and they suffer 
no loss of sharpness when white light is used, so that advantage is 
taken of the well-known apparent enhancement of contrast due to 
juxtaposition of areas of different blackness upon the photographic 
plate. Furthermore, the number of air surfaces in the optical 
system may be reduced to four and the total thickness of solid 
media may be kept down to a couple of centimeters or even less, 
so that the losses of light may be made very small. 
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The first instrument which was designed to fulfil these con- 
ditions consisted of a Nicol prism of the Glan-Thompson type, 
having a compound half-wave plate of mica attached to one side. 
The Nicol was selected on account of the uniformity of its polariza- 
tion over the angular field, and the half-wave plate was made of 
mica strips 2X8 mm with axes alternately at o° and 45° to the 
principal plane of the Nicol. The mica was of such a thickness as to 
introduce a relative retardation of \/2 for the region of the spectrum 
to which ordinary photographic plates are most sensitive. The 
alternate strips of mica appear light and dark, their contrast de- 
pending upon the amount of polarized light in the incident beam, 
as well as upon the orientation of the Nicol with respect to the plane 
of polarization. This polariscope was found to be highly sensitive 
and readily adaptable to such problems as the one at hand. 

Upon consultation with Dr. Anderson, however, he offered a 
suggestion as to a still simpler method of constructing a polariscope 
which would fulfil the conditions discussed above. He then very 
kindly prepared the two essential elements required, which are 
described below, and most of the observations have been made with 
this apparatus. It is a pleasure to acknowledge here my indebted- 
ness to him. 

In its simplest form this polariscope consists of a small plate of 
calcite 5 or 6 mm thick, having cemented to one side a glass screen 
containing a series of equal opaque and transparent strips. The 
width of strip is made equal to the separation of the two images of 
a point seen through the calcite plate, and the glass screen is so 
oriented upon the calcite as to bring the two images of each trans- 
parent strip just into contact side by side. 

It is evident that if the incident light is wholly or partially 
polarized the strips will in general appear alternately light and 
dark. When the plane of polarization is at 45° to the principal 
directions in the calcite the illumination will be uniform, but if the 
angle is 0° or go® there will be maximum contrast betweén the two 
sets of images, dependent upon the percentage of polarized light in 
the incident beam. 

The glass screen was made by photographic reduction from a 
model having dimensions about 8 by 10 inches. Upon a glass plate 
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of this size were mounted a row of pieces of rolled-metal strip, the 
alternate ones being afterward removed, so as to leave a grid having 
equal black and white spaces when viewed by transmitted light. 

The calcite plate and attached screen were mounted in one end 
of a tube about ten inchés long, at the other end of which was an 
aplanatic hand magnifier lens of 37 mm focal length. A simple 
metallic screw-cap held a photographic plate in the proper position 
behind the lens to receive a sharp image of the strips of the screen 
as seen through the calcite plate. Diaphragms were used to prevent 
undesirable light from reaching the plate. 

This arrangement proved an exceedingly delicate detector of 
polarized light, but its sensitivity was still further increased by the 
addition of a narrow strip of mica at right angles to the strips of the 
glass screen. The thickness of the mica was such that it introduced 
a relative retardation of one-half a wave-length for blue light, and 
its axis was at 45° to the principal directions in the calcite. As 
a result the portion of the field covered by the mica has the relative 
intensity of the alternate strips reversed as compared to the rest 
of the field. This is found to be of material assistance when the 
difference between alternate images is very small. 

The polariscope was provided with an index and a graduated 
circle by means of which the principal pianes of the calcite plate 
could be oriented with respect to the position of the sun. The 
most satisfactory method of adjusting was to mount the polariscope 
upon the tube of a small telescope having an equatorial mounting. 
The polariscope was set for the neutral position (where sensitiveness 
of setting is a maximum) by daylight in a direction at go° from the 
sun. A rotation of 45° then brings one of the principal planes of 
the calcite through the sun, and a reading of the hour circle of the 
telescope and the time makes it possible to set the polariscope 
correctly for the subsequent exposure. 

All the plates were taken in the northern sky in a direc on very 
nearly go° from the position of the sun. All were made within a 
day or two of the time of new moon and nearly all of the exposures 
were of two hours’ duration, symmetrical about the time of true 
midnight. Fast plates were used and a contrast developer. Upon 
one of the nights the atmosphere was clear enough so that three 
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observers agreed in their separate locations of the Gegenschein. 
It must be said, however, that for some weeks past, probably 
including the last two periods of observation, the transparency of 
the atmosphere on Mount Wilson has been below its best. Sunset 
colors have been brighter than usual and there has been a slight 
milkiness apparent in the daylight sky. Visual measures of the 
daylight polarization of the sky by Anderson in Pasadena have 
shown a decrease in the percentage of polarization during the past 
few weeks. 

The photographs suitable for discussion number eight. There is 
evidence upon two or three of them of a very slight difference 
between adjacent strips, but considering the marked sensitiveness 
of the instrument, it must be said that the total amount of polarized 
light shown is extremely small. 

Quantitative measures of the sensitiveness have not been made, 
but it is probably safe to say that we have not found more than 1 
per cent of polarization in the background of the night sky. 


Mount Witson OBSERVATORY 
August, 1919 
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THE ORBIT OF THE SPECTROSCOPIC BINARY 
BOSS 2285 


By ALFRED H. JOY anp GIORGIO ABETTI 


The variable velocity of the star Boss 2285=Pi 8108 
(a=830™5, 5=+6°58’; 1900.0) was discovered at this observa- 
tory from plates taken in 1918. With Boss 2286=Lal. 16895 
it forms the physical system 8 G.C. 4677==2 1245. The measures 
of position angle and distance show no change since the time of the 
observations by Dembowski. The lack of relative motion is con- 
firmed by van Maanen from measures of the two components on 
his parallax plates which give: 1916.23, P.A. 25°0, dist. 10740. 
The Harvard apparent magnitudes, the proper motions by Boss, 
the Mount Wilson spectral types, and the absolute parallaxes with 
corresponding absolute magnitudes by van Maanen are: 


Harvard 
m 


7 Spec. 7 M 
BOSS? 2285 un unr OnO4) oO'195 F7 --0'022, =4-2.8 
BOSS 2260u eee ee 75L5 ©. 201 G3 0.026 ee 


The absolute magnitudes determined by Adams and Joy from the 
spectra are 4.5 and 5.5, which would give a mean parallax of 07048. 
Measures of the four plates of Boss 2286 give radial velocities 
ranging from +23.4 km to +31.0 km with a mean of +27.9 km 
which may be compared with the velocity of +25.2 km found in 
this investigation for the center of mass of the system Boss 2285. 
The spectrum of the secondary star is not visible on any of the 
plates. 

Table I gives a list of the photographs. The Greenwich mean 
time refers to the middle of the exposure; the phase is derived from 
the period 14.296 days and refers to the epoch J.D. 2421598.0. 
The plates have been taken with the 60-inch reflector and the 
18-inch single-prism spectrograph. The various plates have been 

t Pybl. Astr. Soc. of the Pacific, 31, 41, 1919. 
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measured by Adams, Joy, Abetti, Stromberg, and Miss Burwell, 
and the number in the table indicates the number of measures of 
each plate. No systematic difference between the measures was 
found, so that the mean result has been used in the table. 


TABLE I 
Plate No. Date G.M.T.| Phase | Velocity | N&°f | O-C | Remarks 
, km acy 
Sg ata 1919, Feb. 8] 18440™) of490 | — 0.4 3 O.1 
on cytes ee May 6] 15 42 0.686 | — 2.0 4 +1.8 
OSTS misters 1918, Mar. 31] 17 41 roysfont | —— B58) 4 — an 
O87Orn rer. 1918, Apr. 29] 16 51 | 1.334 | + 3-3 3 4+1.6 
MOR hac r919, Mar. 10] 18 26] 1.888 | + 6.5 3 —220 
6886..... 1918, Apr. 30] 17 22 | 2.356 | +16.5 3 =O). 2 
GROVER, 0 gig 1919, Mar.11| 17 25 | 2.846 | +25.9 3 +1.6 
WOAA atone 1919, Mar. 11] 17 52 2.864 | +25.0 a +0.5 
OS7Smmic ce 1918, Jan. 21] 21 22 | 3.504 | +35-4 3 +2.0 
658024..6 1918, Jan. 22] 20 41 4.565 | +38.5 3 —1.7 
SOA meer: 1919, Feb. 12] 20 55 | 4.584 | +40.7 3 +0.4 
HGP 30 1919, Jan. 15| 21 29] 5.199 | +47.9 A) julteeavere tate Weak 
OSO7mmere 1918, Jan. 23) 21 16 5.5000n Ate 5 Tin 
7 OOM I9IQ, Jan. 17| 22 28 7.240 | +44.5 4 +2.6 
OSOAn Ere: 1917, Dec. 29] 21 40 | 9.199 | +32.8 4 —2.5 
OOTG ers 1918, Jan. 27| 20 17 9.549 | +35.4 3 +1.8 
TOUS hens 1919, Mar. 18] 16 03 | 9.789 | +29.9 3 —='2, 15 
OSTS ae 1917, Dec. 30] 23 47 | 10.287 | +32.2 4 +2.5 ; 
OR Gad 1918, May 23] 15 59 | 11.002 | +16.9 3) Neeepraae 7-10. camera 
Hebe. 55 5c 1919, Feb. 19] 20 17 | 11.557 | +20.3 4 —1.0 
QOES so0s 1918, Jan. 30] 19 10 | 12.503 | +15.2 3 +015 
O700nn 1918, Mar. 29] 17 29 | 13.248 | + 6.7 4 —o.6 
O7AA es z918, Mar. 15] 19 30 | 13.628 | + 2.9 4 Sao 


The velocity-curve was first drawn through all the observations 
with the aid of a preliminary period determined from a comparison 
of the times of recurrence of approximately equal velocities. Since 
the eccentricity was shown to be considerable, the method of 
Lehmann-Filhés was used for determining the approximate ele- 
ments of the orbit, which were then slightly adjusted so as to make 
the residuals as small as possible. Plate 7772, which was very 
weak, and 6925, which was taken with the 7-inch camera, showed 
rather large differences and were omitted in the final solution and 
are not shown in the figure. A least-squares solution, with twenty- 
one equations of condition of the form given by Lehmann-Filhés 
and Schlesinger, was used for improving the approximate elements. 
The following corrections were found: G 
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6P=-+o.005 days 
d6K=—0.26 km 
dw = — 13°00 
6e= +0 .006 

67 = —0.526 days 
by =+0.03 km 


Fic. 1.—Velocity-curve of Boss 2285 


Aiter applying these corrections, we have for the final elements: 


P = 14.296+0.003 days 
= 22.74 =1.20km 
=220°80 +1°98 
0.276+=0.021 
J.D. 2421599 .4740.157=10918, Jan. 5, 11522™ G.M.T. 
y =+24.23+0.62 km 
@ sin 1=4,300,000 km 
m: sins i 
(m-+-m;)? 
The residuals O—C given in Table I were computed with these 
elements. The computed curve and the observed velocities are 


shown in Fig. 1. 


No © py 


=0.015 © 


Mount WILSON OBSERVATORY 
April 1919 
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ON THE BRIGHTNESS OF THE SKY AT NIGHT AND 
THE TOTAL AMOUNT OF STARLIGHT 
By P. J. VAN RHIJN 
I. INTRODUCTION 


The following is an abstract of the results of an investigation 
which will appear in the “Papers from the Mount Wilson Observa- 
tory.”’ It contains a discussion of observations of the brightness 
of the sky made at Mount Wilson during the summer and autumn 
of 1913. The main points investigated are the total amount of 
starlight per square degree for each galactic latitude and the 
distribution over the sphere of the illumination of the sky which 
is not due to the stars. The latter appears to vary with the lati- 
tude and longitude of the area observed; the evidence indicates 
that at least part of the light of the sky proceeds from a source 
probably identical with that of the zodiacal light. 


2. THE OBSERVATIONS 


The instrument used is that described by Yntema.* For 
details as to the method of ‘measurement, reference may be made 
to the extended account of the investigation. Here it need only 
be remarked that the determination of the brightness of the sky 
has been made in two steps: (a) comparison of the light of vari- 
ous regions of the sky with that of an area at the North Pole; 
(6) comparison of the light at the pole with that of a star of 
known magnitude. 

The first step has been made by varying the illumination of 
an annular screen in a measurable way until it disappeared against 
the background of the sky. The amount of light per square degree 
at the pole has been determined in terms of starlight by first com- 
paring the surface brightness of the sky near the pole with that of 
an artificially illuminated disk of opal glass, and then estimating the 
stellar magnitude of the disk by observing it from a distance such 
that it had the appearance of a star. 


t Groningen Publications, No. 22, pp. 9-11, 1909. 
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The small electric lamps used in the photometers were fed by a 
two-cell storage battery. The constancy of the current was care- 
fully controlled. The only photometric principle used in the 
measurements is the law of inverse squares. 

The areas measured were identified by means of a map showing 
all the stars visible to the naked eye. The time of observation 
was noted in all cases. . 

The observations made in series are as follows: (1) measures 
of the brightness at the North Pole, which was determined several 
times each night; (2) measures of areas on a circle parallel to the 
horizon; (3) measures on a circle perpendicular to the horizon. 


3. GENERAL PLAN OF THE INVESTIGATION 


The observations have been used to investigate the following 
questions: (a) Yntema found that the brightness of the sky is not 
due exclusively to the stars,’ a result confirmed by the present 
data. What is the distribution of this additional light over the 
sphere and what is its cause? (0) Is it possible to eliminate the 
additional light and thus discuss the distribution of starlight alone ? 

The first of these questions may be answered by investigating 
the skylight for galactic. latitudes higher than 40°. Above this 
limit the light due to the stars is a relatively small percentage of 
the total brightness and can be computed with sufficient accuracy 
from the counts of stars given in Groningen Publications, No. 27, 
Table V. We thus find for all stars fainter than magnitude 5.5 
the results shown in Table I. These may be considered as the 
quantities of starlight actually measured with our photometer. 


TABLE I 


Licut PER SQUARE DEGREE OF ALL STARS FAINTER 
THAN Mac. 5.5 


(Unit=a star of mag. 1.00, Harvard Visual Scale) 


Gal. ose Amount of Light 
OM a ee OOOO. Midis dna aS Ho oe bb OSS 0.012 
BOM wi eteieieya () revs a lope oreashedets CME CALC eee .OIL 
GON... 5 crane aatercheyelele Cay LR nae NET Ee ea .009 
Le SNORE tr atin baby ts he ois acd ae .009 
i Ee Na re .008 
Oo ME ROMER Oaks OM Meira GW on Anoe dale 0.008 


*L. Yntema, of. cit., p. 35. 
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Yntema found that the so-called earthlight, i.e., the brightness 
not due to the stars," changes with the zenith distance of the area 
observed, but that it is approximately independent of the azimuth. 
I first investigated, by means of measures on a circle parallel to 
the horizon, whether the’earthlight is really the same for all points 
on such a circle. Only those areas were used whose galactic lati- 
tudes exceed 40°. The earthlight was found by subtracting the 
direct and scattered starlight from the total brightness. The 
differences vary clearly with the azimuth, being always larger in 
the eastern part of the sky. It will be shown that these variations 
are caused by a kind of zodiacal light extending over the whole 
sky. The observed brightness corrected for starlight depends 
distinctly on the latitude and longitude relative to the sun. The 
excess of this zodiacal brightness over its mean value will be found 
for each latitude and longitude,? and a correction equal to this 
excess with opposite sign has been applied to all measures. The 
values of the earthlight thus corrected are independent of the 
azimuth; in any series of measures parallel to the horizon we can 
thus find the starlight for areas in the Milky Way by taking the 
difference between the total observed brightness and the corrected 
value of the earthlight, the amount of which has been found from 
areas in higher galactic latitudes. This gives the solution of the 
second problem stated above. 

I next considered the dependence of the corrected earthlight 
on the zenith distance by means of the series of measures in high 
galactic latitudes along circles perpendicular to the horizon. The 
values increase with increasing zenith distance. This is partly 
due to earthlight scattered by the atmosphere, the scattering being 
greatest near the horizon. The amount of scattered earthlight 
was found by means of Abbot’s determination of the ratio of direct 
and scattered sunlight.4 After subtraction of the scattered earth- 
light, the residuals, corrected for the absorption of the atmosphere, 


The starlight scattered by the atmosphere is not contained in the earthlight. 
The determination of its amount will be described below. 


2 Longitude means always longitude relative to the sun. 
3 That is, corrected for the excess of zodiacal light over its mean value. 
4 Astronomical Journal, 28, 130, 1914. 
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still increase toward the horizon. An empirical formula which 
represents these residuals was found and used to determine the 
earthlight for areas near the Galaxy. Subtraction of the values 
thus found from the observed brightness then gave the starlight 
in the lower galactic latitudes. This is another solution of the 
second question. 

From the preceding lines it appears that I have based my 
conclusions as much as possible on a comparison of measures 
included in the same series of observations, which were always 
finished within one hour. This has been done in order to eliminate 
any variation of the earthlight with the time.* 


4. CHANGE.OF THE SKY-BRIGHTNESS NEAR THE NORTH POLE 


The brightness at the North Pole has been measured repeatedly 
every night. Its value appears to be subject to large variations. 
Even during the same night the light near the pole may change as 
much as 20 per cent. ‘These fluctuations are due to a variation 
of the earthlight. I have not, however, been able to find any 
systematic tendency in these variations. The mean brightness is 
practically the same before and after midnight, and the changes 
from one night to another are rather capricious. 


5. DEPENDENCE OF THE EARTHLIGHT ON THE AZIMUTH. ZODIACAL 
LIGHT EXTENDING OVER THE WHOLE SKY 

All series of observations parallel to the horizon have been 
treated in the way indicated in Table II, which serves only as an 
example. 

The first six columns of Table II give the number, the galactic 
latitude (0), the latitude (@), the longitude relative to the sun (a), 
the zenith distance (z), and the azimuth (A). The co-ordinates 
have been computed from the right ascension, the declination, and 
the time of observation. B denotes the observed amount of light 
per square degree expressed in terms of that of a star of magnitude 
1.00 (Harvard Scale). The earthlight for areas whose galactic 
latitudes exceed 40° is given under the heading B,,,. This has been 
formed by subtracting the direct starlight (s) and the scattered 


1 See section 4. 
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starlight (s’) from the measured brightness B. As has been ex- 
plained already, the direct starlight per square degree has been de- 
rived from counts of stars (see Table I). Thescattered starlight has 
been computed by means of Abbot’s observations already quoted. 

For the same zenith distance the earthlight, in nearly all cases, 
is larger for areas near azimuth 270° than for those near azimuth 
t10°. This is also true of the series of Table II. The difference 
is to be explained by a dependence of the earthlight on the posi- 
tion of the measured area relative to the ecliptic. That this is 
really the case is shown in Table III, which contains the differences 
in the earthlight for the smallest and the largest latitudes occurring 
in each series, 6: and £,, respectively. Excepting one case, for 
which the difference in 8 is only 12°, the lower latitude corresponds 
always to a higher illumination. 


TABLE III 


DIFFERENCES IN EARTHLIGHT, SMALLEST AND Larcest LATI- 
TUDES IN EACH SERIES PARALLEL TO THE HORIZON 


Bx Ba Diff. Bx B2 Diff 
OSS Ne GI cee 64 +o0.019 One eras 70° +0.032 
ZU Genes 69 <7 O2 2h et aeons 59 + .041 
EM has eet nie 69 Oss Dies Nese 69 + .037 
SSeS: 70 — .005 Oars ae 67 |e O4S 
DA tas tousece 73 O25 De ate 23 + .009 
Taserste 63 -+0.037 Wiehe IQ + .006 

TOUSv aoe 63 +0.031 


If now the brightness of the sky depends on the latitude, it is 
probably connected with the illumination usually called the zodiacal 
light, and must then also vary with the longitude relative to the 
sun. We have therefore to find the dependence of the earthlight 
on the latitude and longitude. It is impossible, however, to derive 
directly the absolute amount of the light which is related to the 
ecliptic and which for convenience will be called zodiacal light. 
For, as will be shown presently, it is very probable that the bright- 
ness of the sky is produced in part by other causes, whose contribu- 
tion to the general illumination varies with the zenith distance 
in a manner which is unknown. We therefore derive, first of all, 
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not the absolute amount of zodiacal light, but the excess of zodiacal 
light over its mean value for each latitude and longitude. This 
has been done on the supposition that the zodiacal light is the same 
north and south of the ecliptic; the sign of the longitude relative 
to the sun has also béen disregarded.t. The difference in the 
intensity of zodiacal light for various latitudes and longitudes 
can be found by subtracting any two values of the earthlight By, , 
in the same series parallel to the horizon; for it can be shown that 
the variation of the earthlight with the azimuth is due to the 
zodiacal light alone. It follows, for instance, from the comparison 
of the mean By,, for observations Nos. 241 to 243 with that for 
Nos. 248 and 249 that the zodiacal glow at B=3°, \=140°, is 
©.124—0.0907=-+0.027 larger than at B=60°, X\=50°. By com- 
bining the differences thus found it is possible to compute for any 
latitude and longitude the excess of zodiacal light over a certain 
mean value. 

The method used for the combination of the various differences 
has been described at length in the detailed investigation. It 
need only be stated here that the values of the excess of zodiacal 
light over its mean value were distributed among four groups 
having latitudes near B=0°, 20°, 55°, and 70°, respectively. A 
small correction was applied in order to reduce the figures to the 
exact values of these latitudes. The corrected light intensities 
were then plotted as a function of the longitude. Finally, in order 
to find the absolute amount of zodiacal light, the values of the 
excess were increased by +0.069. The quantity +o.069, to be 
derived in a later section, is somewhat hypothetical and the abso- 
lute values are less trustworthy than their differences for any two 
values of the latitude and longitude. 

The graphically interpolated values of the zodiacal light thus 
found are given in Table IV. It may be remarked that Fessen- 
hoff’s? observations have been used for the smaller longitudes near 
the ecliptic and that in my measures special attention has been 
given to the brightness of the counterglow at B=0°, \= 180". 

1 The longitude relative to the sun has been counted from o° to +-180° and o° to 
—180°; the longitude of the sun itself is, of course, zero. 

2a Lumiere Zodiacale. Thése de doctorat, 1914. 
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We have now to derive an interpolation formula for the zodiacal 
light as a function of the latitude and the longitude. This formula 
will be used mainly to compute the excess of zodiacal light at any 


TABLE IV 
VALUES OF THE ZODIACAL LIGHT 


(Unit =a star of mag. 1.00, Harvard Visual Scale) 


Tate peed ie Zodiscal wt. O-c eK Lone Lies TE 
(oleae a 40° | 0.320 15!-++0.007 || 20°....] 40° | 0.183 
Onc iiuises 60 184 15|— .oor || 20.... 70 2125; 
Chieasaoe 70 .149 2|— .oo1 || 20....] 00 .081 
Oneness SOM 27 5 {Eee II Hey gacell ee .069 
Olsfarnyee I00 ,098 12 |-- .oor || 2015...] 160 .072 
Orsiaichiere 130 .084 TT | 2005) ||| 155) veeusrs 40 .069 
Omsiee ss 160 .083 13 1i|-}-9 OO Ts 5 Sieanste =| LOO. .058 
OV: 170 .083 I5.|— 1005 || 70 .... 40 -O47 
Olaetertas 180 0.097 4 |+0.001r || 70....] 100 0.047 


point (8, ) over the mean value. After the application of this 
excess with the reversed sign to the observed brightness the quantity 
of zodiacal light is the same for all areas. 

It is, of course, desirable to use a formula which has a physical 
basis. Weshall, therefore, try the function resulting from Seeliger’s 
theory of the zodiacal glow," which supposes the zodiacal light to 
be due to a reflection of sunlight by small particles of meteoric 
matter. The cloud of particles is symmetrical relatively to a 
plane which contains the axis of the zodiacal light and extends 
equally far in all directions in this plane. Seeliger found that on 
this hypothesis the intensity of zodiacal light depends in the follow- 
ing way on the density D of the meteoric matter and the law of 
phases f(a): 


C 17 
= { D(x, y) fla)da (2) 


*“Ueber kosmische Staubmassen und das Zodiacallicht,”’ Sztzungsberichte der 
math. phys. Classe der kgl. bayer. Akademie der Wissenschaften, 31, Heft 3, root. 
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where 
H=surface brightness of the zodiacal light 
J=surface brightness of the sun 
a=angle at the reflecting particle formed by the lines toward 
the sun and the earth. (See Fig. 1, where S represents the 


sun, O the observer, P a reflecting particle, and the plane 
SOP’ the ecliptic. PP’ is perpendicular to this plane) 


y=Angle SOQ in Fig. 1=supplement of the angle at the 
observer between the lines toward the sun and the particle 


7= value of a at the exterior limit of the cloud 


x and y=co-ordinates of the particle relative to the sun in a plane 
perpendicular to the ecliptic 


D(x, y)=density of the cloud as a function of the co-ordinates x 
and y 


j(a)=function representing the dependence of the quantity of 
reflected light on the phase angle a 


C=a constant 


Fic. 1 


If the function f(a) were known from terrestrial experiments, we 
might find the distribution of the density D by means of equations 
of the form (1), where the left-hand member is the observed 
quantity. This, however, is not the case; various laws have been 
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proposed,’ but it is at present impossible to decide which of these 
is the right one. ; 

Our observations, however, afford the material for a determina- 
tion of the law of phases for small values of a, for in the neighbor- 
hood of the counterglow the variation of the zodiacal light with 
the position of the area depends almost exclusively on the law of 
phases, whereas the adopted density distribution is of little impor- 
tance. This is clear a priori and has, moreover, been demonstrated 
by Searle? The law of phases for small values of a can, therefore, 
be determined from the observed brightness of the zodiacal light 
near the counterglow. After some trials I found the fractions 
given in the third column of Table V. For large values of a the 
law of phases was made to agree approximately with the form of 
Lommel and Seeliger.2 Table V shows that my data yield a larger 
decrease of the brightness with the phase angle for small values of 
a than does Seeliger’s formula. This is in agreement with the 
investigations made on the asteroids. The adopted values of 
f(a) in the third column of Table V can be represented by the 
formula: 


f(a)=+0.655—0. 711 sin a+o.345 cos ato. 406 sin? a (2) 


TABLE V 


THE Law or PHASES 


a crate aad Adopted a paar aed Adopted 
Ouran 1.00 I.00 7 Or sehen 0.54 °.46 
TOR execs .98 .88 Gish Sig oe .38 35 
2On toute 93 .78 DE Ota ververs oA aes 
Om A eariete .86 .70 E300 sii) 213 
BOs ees ee ©.70 0.57 T4O. nee 0.08 ©.10 


* Phase angles larger than 140° do not occur in the present investigation. 


*Miiller, Die Photometrie der Gestirne, pp. 58-62, 1897. See also Otto Frh. 
v.u.z. Aufsess, “‘Experimentelle Untersuchungen iiber den Einfluss der Phase und der 
Rotation auf die Helligkeit von Kugeln und beliebig gestaltenen Korpern,”’ Astrono- 
mische Abhandiungen als Ergdénzungshefte zu den Astronomischen N achrichten, No, 17, 
IgIo. 

* Harvard Annals, 19, 233, 1893. 

3 Miiller, op. cit., p. 62. 4 Ibid., p. 378. 
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Various formulae have been tried for the density, which is to 
be determined from the condition that the zodiacal brightness, 
computed by means of (1), should agree with the observations. I 
first considered only the measures in the ecliptic for various longi- 
tudes, but later the higher latitudes were also taken into account. 
It was found that the formula 


Density = D,(1—0. 176 «?—1. 406 4?) (3) 


satisfies the observations. 

The brightness computed by means of formulae (x), (2), and 
(3) has been compared with the observed values in Table IV. The 
residuals O—C are all small.: These considerations show that the 
present material at least does not contradict Seeliger’s theory of 
the zodiacal light, although our lack of knowledge of the law of 
phases makes it impossible to put the theory to a severe test. 

Formulae (1), (2), and (3), however, have been derived mainly 
for another purpose, viz., the computation of the zodiacal light at 
points of the sky for which no direct observations are available. 
The results of this computation have been given in Table VI, 
which represents the total amount of zodiacal light for different 
values of the latitude and longitude relative to the sun. It will be 
remembered that the values on which the table is based have been 
derived by increasing the excess of zodiacal light over a certain 
mean value by +0.069, and that this latter figure is somewhat 
uncertain on account of the hypothesis underlying its derivation. 
The same holds for the data of Table VI, the difference between 
any two values of the zodiacal light being more trustworthy than 
the values themselves. Fortunately it is the differences, in the 
main, which are needed for the reduction. 


6. DETERMINATION OF THE STARLIGHT FOR GALACTIC LATITUDES 
LESS THAN 40° FROM THE OBSERVATIONS ALONG 
CIRCLES PARALLEL TO THE HORIZON 


The method used to determine the starlight from series of 
measures parallel to the horizon is also illustrated by Table IT. 
The first ten columns have already been explained. In the twelfth 
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column is given a correction for the excess of zodiacal light over a 
certain mean value. This has been derived by subtracting 0.069 
from the figures of Table VI and reversing the sign of the difference 


TABLE VI 
ComPuUTED VALUES OF THE ZODIACAL LIGHT 


(Unit=a star of mag. 1.00, Harvard Visual Scale) 


Latitude (8) 


Long. from 
a °° 10° 20° 30° 40° 50° 60° 70° 80° 90° 
IN A Al Baio oul bac oa oan h4 Bo SGaK 0.112 |0.077 10.060 |o.050 jo.046 10.045 
Os a hh ee Nek Lee eee .110 | .076 | .o60 | .050 | .046 | .045 
20) Sr ieratcel ier AA eect eeeyon a Rencack-ncc .103 | .076 | .0o60 | .o50 | .046 | .045 
Cem dad SO OSTE| ab ones kotor loca ome .097 | .073 | .059 | .049 | .046 | .045 
AOS eons 0.325 |0.258 jo. 191 |o.132 | .090 | .072 | .059 | .049 | .046 | .045 
BOrncecrets .247 | .206 | .161 | .113 | .086 | .071 | .058 | .049 | .046 | .045 
OOR Se ete -184 |-. 168. | 2138 52205 ||) -084 || obo) |) 2057-0491) 040m O45 
TO. easvatetae .149 |'.139 | .119 | .097 | .079 | .066 | .055 | .049 | .046 | .045 
SO Re ace {127 | sX1Q\\|| 4103 || 2087") 20731] VOOscI053u| C451 O40nlne ods 
QO nuerness .I09 | .102 | .090 | .079 | .068 | .o61 | .053 | .047 | .046 | .045 
TOO thie sacs .098 | .090 | .o8r | .075 | .065 | .c60 | .052 | .047 | .046 | .045 
EVOM cscs .090 | .084 | .076 | .071 | .064 | .059 | .052 | .047 | .046 | .045 
T20 New cele .086 | .o80 | .073 | .068 | .06r | .057 | .052 | .047 | .046 | .045 
TON nes .082 | .077 | .070 | .066 | .060 | .057 | .052 | .047 | .046 | .045 
TAM steric .o8f | .078 | .070 | .066 | .o60 | .056 | .o51 | .047 | .046 | .045 
TS OWsrter sieve .081 | .078 | .071 | .066 | .060 | .056 | .o5r | .046 | .045 | .045 
TOO Mayra .082 | .079 | .072 | .066 | .060 | .056 | .o51 | .046 | .045 | .045 
T7Ok ayes .085 | .082 | .074 | .067 | .060 | .056 | .o50 | .046 | .045 | .045 
TSO Breen ©.097 |0.090 |0.075 |0.067 |0.060 |0.055 |0.050 |0.046 |o.045 |0.045 


thus found. These corrections a have been applied to the figures 
of the tenth and eleventh columns, thus giving the results in the 
thirteenth and fourteenth columns, respectively. The areas in 
small and large galactic latitudes have been treated separately, 
because for the former the amount of the starlight is unknown. 
The thirteenth column thus contains the observed brightness 
corrected for direct starlight (s), scattered starlight (s’), and excess 
of zodiacal light (z), whereas the figures in the fourteenth column 
have been corrected for the last two quantities only. The values 
of By,; and By include an amount of zodiacal light which is the 
same for all areas. The quantities Bj, , appear to be independent 
of the azimuth. We therefore form their mean and subtract the 
result from each value of B% in the fourteenth column for which 
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the galactic latitude is less than 40°. The differences inserted in 
the fifteenth column represent the starlight per square degree, 
reduced for atmospheric absorption to the zenith. 

Most of the series were treated in this way. In only a few cases 
was the number of observations in galactic latitudes greater than 
40° too small to apply this method. In such cases I computed the 
mean value of B;,, from the measures whose galactic latitudes 
exceed 20°. The starlight between 20° and 40° required for the 
reduction of these cases was obtained from all other series parallel 
to the horizon which include a sufficiently large number of observa- 
tions in the higher galactic latitudes. The results are averaged in 
Table VII, the probable errors being derived from the internal 
agreement of the observations. 


TABLE VII 


Totat LicHT PER SQUARE DEGREE OF ALL STARS FAINTER 
THAN Mac. 5.5 DERIVED FROM SERIES 
PARALLEL TO THE HoRIzoNn 


(Unit=a star of mag. 1.00, Harvard Visual Scale) 


Gat. Lat. 
STARLIGHT Pros. ERROR 
Limits Mean : 
Optom Ou reas 422 0.068 +=0,003 
EOP COMEO) anceps 3 I4.1 .042 .002 
ZOP COCO aoa 25.8 .032 002 
30: 0°30 wrs2 S55 0.013 =0.002 


7. DEPENDENCE OF THE EARTHLIGHT, CORRECTED FOR ZODIACAL 
GLOW, ON THE ZENITH DISTANCE. PROBABILITY 
OF A PERPETUAL AURORA 


We pass to the consideration of the series of observations 
perpendicular to the horizon. The variation of the earthlight 
with the zenith distance will be investigated first. This can be 
done only for areas whose galactic latitudes exceed 40°, where the 
starlight is supposed to be known. An example of the method 
employed is given in Table VIII. 

The first nine columns of Table VIII contain the same quantities 
as the corresponding columns in Table II. The tenth column 
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gives the correction for the excess of zodiacal light derived in the 
same way as in section 6. The corrected values in the eleventh 
column thus contain a constant quantity of zodiacal light, the 
scattered earthlight, and, in addition, any light of unknown origin. 
In the thirteenth column“is given a correction for scattered earth- 
light, derived by means of Abbot’s observations already referred 
to and the total amount of earthlight known from the present 
investigation. The fourteenth column, in which the scattered 
earthlight is subtracted from the data in the eleventh column, 
thus contains a quantity of zodiacal light constant over the whole 
sky and perhaps some light produced by unknown sources of 
illumination. In order to find whether there are such sources, I 
have investigated the variation of the values of BY,, with the zenith 
distance. ‘The data are collected in Table IX; all measures similar 
to those of Table VIII, for which the galactic latitude exceeds 40°, 
have been used. 
TABLE Ix 
MEAN BRIGHTNESS CORRECTED FOR STARLIGHT, EXCESS OF ZODIACAL LIGHT, AND 


SCATTERED EARTHLIGHT (83 Hy) AS A FUNCTION OF THE ZENITH DISTANCE 
eo] 


+s rob. 5 Bye 

Limits z Mean 2 BS oe No. Weight a see Comp. 
TOwtO Ora cst orate 24° | 0.085 |+0.004 8 1.6 | 0.087 | 0.087 
ZO EO! ZO ieee eter sys 36 .084 .003 II Dos 087 .089 
BOMEO AQ Meas 2 ste 45 .09O 003 14 I.4 C95 092 
BO CONGO ale snes 54 .086 .003 20 2.0 096 .096 
GOULOLO0 6 eens 64 .086 .003 21 oye at 104 . 103 
VORLONT TS se vacune |: 73 0.077 |+0.005 13 OOM |FOerLT 0.116 


LO 


The seventh column of Table IX gives the values of B;:°, cor- 
rected for atmospheric absorption. If these values included 
nothing but a constant quantity of zodiacal light for the whole 
sky, they would be independent of the zenith distance. Since they 
increase with increasing zenith distance, there must exist some 
other source of illumination whose intensity is greatest near the 
horizon. This conclusion is strengthened by the fact that Slipher 
has photographed the green auroral line in the spectrum of the 
background of the sky. A study by Stormer of the auroras 


t Popular Astronomy, 25, 274, 1916. 
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occurring in 1913 showed that they originated in a comparatively 
shallow layer at a great height above the earth,’ whence we con- 
clude that the sky light due to this source should vary directly as 
the thickness of the auroral layer in the direction of the line of 
sight, ie., as the secant of the zenith distance. This holds only 
for zenith distances smaller than say 70°. 

We may therefore write 


Bo’, =atp sec z, 


where a represents the constant quantity of zodiacal light and p sec z 
the auroral brightness. A least-squares solution of the data of 
Table IX gives 


> a=-+0.076 p=+0.0113. 
The values computed with these constants are given in the last 
column of Table IX. 

Other solutions were also made, which allow for the deviation 
of the thickness of the auroral layer from the secant law. Taking 
these into consideration the final value isa@=+0.072. This differs 
little from the value +0.069, adopted in section 5 in accordance 
with a provisional solution. It is to be noted that the constant 
quantity of zodiacal light thus determined, which is the remainder 
after applying the correction indicated in section 6 by a, has been 
computed on the hypothesis that the only source of light, except 
the zodiacal glow, is the aurora borealis, and that the illumination 
contributed by the aurora varies as the secant of the zenith 
distance. 


8. DETERMINATION OF THE STARLIGHT FOR GALACTIC LATITUDES 
LESS THAN 40° FROM OBSERVATIONS ALONG CIRCLES 
PERPENDICULAR TO THE HORIZON 


From the third column of Table IX it appears that the observed 
brightness corrected for starlight, excess of zodiacal light, and 
scattered earthlight is independent of the zenith distance down 
to z=70°. This fact has been used as follows to determine the 
starlight near the galaxy. 

* Astrophysical Journal, 43, 243, 1916. 
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The fifteenth column of Table VIII gives the observed bright- 
ness at low galactic latitudes, corrected for scattered starlight, 
excess of zodiacal light, and scattered earthlight,? and thus includes 
exactly the same sources of illumination as the values in the four- 
teenth column, plus the direct starlight. It has been stated already 
that the quantities in this column are independent of the zenith 
distance down to z=70°. In order to find the starlight at lower 
galactic latitudes, we therefore need only diminish the figures in 
the fifteenth column by the average value of the fourteenth column 
for z<70°. This has been done in the case of Table VIII. The 
values of the starlight inserted in the sixteenth column have been 
corrected for atmospheric absorption and appear in the seventeenth 
column. 

All series of measures perpendicular to the horizon have been 
treated in this way, except that in a certain number of cases the 
mean value of B4 has been computed from all areas whose galactic 
latitudes exceed 30°, or even 15°, because the series in question 
do not include a sufficient number of observations in galactic lati- 
tudes greater than 40° to afford a reliable result. The starlight 
for galactic latitudes 15° to 40° thus required for the derivation of 
the values of BY was found from the series perpendicular to the 
horizon which do contain a sufficient number of observations 
between 15° and 40° as well as above 40°. The results are given 


in Table X. 
TABLE X 
TotaL LIGHT PER SQUARE DEGREE OF ALL STARS FAINTER 


THAN Mac. 5.5 DERIVED FROM THE SERIES OF OB- 
SERVATIONS PERPENDICULAR TO THE HORIZON 


(Unit=a star of mag. 1.00, Harvard Visual Scale) 


Limits 5 Mean 0b Starlight Prob. Error 
Custom Owns 4°5 0.081 =0.003 
TOM tOREQucrae ae 14 .056 .002 
ZOE OULOwararersts 24 .030 -OOL 
201 €0130 ase 35 0.016 ==0.00I 


The seventh column gives the observed brightness; in the eighth column this 
brightness has been corrected for scattered starlight; in the twelfth column the excess 
of zodiacal light has been subtracted, and in the fifteenth a correction for scattered 
earthlight has been applied. 
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Q. FINAL RESULT FOR THE AMOUNT OF STARLIGHT AS A FUNCTION 
OF THE GALACTIC LATITUDE. COMPARISON WITH OTHER AU- 
THORITIES. TOTAL AMOUNT OF STARLIGHT OVER THE WHOLE 


SKY 
Comparing Tables VII and X we see that the values of the 
starlight derived from the series parallel and perpendicular to the 
horizon agree pretty well. The difference between the two series 
of results for the region of the Milky Way is at least partially real, 
as is easily demonstrated by means of Eaton’s observations’ of the 


galactic light. 

The results of Tables VII and X have been combined with equal 
weight in Table XI. ‘The light of the stars brighter than magni- 
tude 5.5, which is not included in my measures, has also been 


TABLE XI 
Torat AMOUNT OF STARLIGHT PER SQUARE DEGREE 


(Unit=a star of mag. 1.00, Harvard Visual Scale) 


Gal. Lat. This Paper Yntema Gron., 27 Gron., 18 

Or eee 0.080 0.088 0.055 0.186 
TOM Abinietan .065 .055 .043 .118 
PXo hi AR AN .044 .033 .027 .055 
BOR etevstsidiorerels .026 -024 .020 .032 
AO! sieisuseeets .O15 .020 .O15 .022 
Lease s.clree .O14 .o18 .O14 .018 
00125 werent .O12 .O15 -O12 -O15 
TOishe Sete .OIL .O13 .OII .O13 
SOM tener ie .O10 .O13 .O10 .O12 
QOueewire hee 0.010 0.012 0.010 0.012 


added. In addition Yntema’s values? and those computed by 
means of the number of stars in Groningen Publications, No. 27, 
Table V, and Groningen Publications, No. 18, are also given. The 
agreement with Yntema’s values is good; but the enormous differ- 
ence between Yntema and myself, on the one hand, and Groningen 
Publications, No. 18, on the other, shows that the magnitude scale 


*Verhandelingen der Koninklyke Akademie van Wetenschappen te Amsterdam, 
Eerste sectie, deel VIII, No. 3, 1903. 
? Groningen Publications, No. 22, p. 31, 1909. 
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used for the latter is probably in error. The same conclusion was 
arrived at from other evidence in Groningen Publications, No. 27. 

The total amount of light received from all the stars in both 
hemispheres as computed from the present material is equal to 
1440 stars of magnitude roo, Harvard Visual Scale. 


10. ACCIDENTAL AND SYSTEMATIC ERRORS 


The mean of two measures of the brightness of the sky, made by 
moving the lamp in opposite directions, may be considered as a 
single observation. Its probable error, computed from the differ- 
ences between. the values found for the same area, is found to be 
o.7 per cent of the amount. This does not contain the uncertainty 
due to errors in the magnitude of the artificial star. Including 
these, the probable error of a complete measure is about 2 per cent 
of the amount. 

It is practically certain that the relative brightness of different 
areas, as measured in the present paper, is free from systematic 
error. In addition I have taken all possible precautions to obtain 
the correct value for the absolute amount of light received from 
one square degree at the North Pole. Nevertheless my value 
differs considerably from that found by Newcomb and Burns, 
which is as follows: 

TABLE XII 


VALUES OF THE ExTRA GALACTIC SKY BRIGHTNESS 
Founp By DIFFERENT OBSERVERS 


Brightness per 


Authority Square Degree 
Newcomb, Astrophysical Journal, 14, 297.... 0.029 
Biiniseve 01d gk O50 OOamercnager ects 0.050 
Abbot, Astronomical Journal, 27, 20......... 0.075 
Yntema, Groningen Publications, No. 22..... 0.140 
We Rin, DIESENE Paper (es cats a ara eee 0.130 


Burns does not give all the details necessary to check his method 
of measurement and reduction. I do not feel sure that his results 
are free from objection. He compares the brightness of the sky 
with the extra-focal image of a star of known magnitude, the sky 
being observed with one eye and the extra-focal image, as seen 
through the telescope, with the other. Ido not think that accurate 
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results can be expected if, as in this case, the sources of brightness 
compared are not in contact. The internal agreement of Burns’s 
observations is, moreover, rather poor.’ This method seems, 
therefore, inferior to that used in the present paper. 

Abbot and Yntema used the same instrument and method as 
I myself have used. In view of the difficulties affecting all kinds 
of photometric measurements, further determinations of the abso- 
lute amount of the sky-brightness are very desirable. I have 
thought of various methods which may be used, and hope in the 
near future to give some of them a trial. 


GRONINGEN ASTRONOMICAL LABORATORY 
September 1919 
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THE CHARACTERISTICS OF ABSORPTION SPECTRA 
PRODUCED BY THE ELECTRIC FURNACE 


By ARTHUR S. KING 
ABSTRACT 


Absorption spectra of metallic vapors, produced by the electric furnace-—By placing 
a short plug of graphite in the middle of a tube furnace, a continuous spectrum corre- 
sponding to the temperature of the plug was obtained as a background for a pure 
absorption spectrum due to the hot metallic vapor. Barium, calcium, cobalt, iron, 
nickel, and titaniwm were investigated. The furnace demonstrates, more clearly 
than is possible with the arc, the fact that lines of the same intensity in the 
emission spectrum may differ greatly in absorptive power. This variation was 
found to be closely related to the behavior of the lines at different furnace tempera- 
tures. The lines relatively strong at low temperature are strongest in the absorption 
spectrum, these lines often being faint in the arc. As the temperature of the plug 
rises, lines appear in absorption which are given faintly in emission at lower temper- 
ature. The result is that the relative intensities in absorption correspond with those 
in the emission spectrum several hundred degrees lower. 

Mixed absorption and emission spectra of metallic vapors —By placing the graphite 
plug beyond the middle of the furnace tube, mixed spectra were obtained; for whether 
the heated vapor emits or absorbs more light of a given wave-length depends on the 
relative temperatures of the plug and the vapor. Thus the lines of either the low 
temperature or the higher temperature could be obtained in emission or in absorption 
or suppressed at will. Striking effects were obtained with calciwm and iron. By 
adjusting the background, the author secured on the same spectrogram the high- 
temperature lines in emission, the low-temperature lines in absorption, and inter- 
mediate lines suppressed. These experiments may help to explain stellar spectra 
containing both bright and dark lines. Experiments are also described in which the 
incandescent vapor in the tube, without a plug, gave an absorption spectrum con- 
sisting only of those lines which in the emission spectrum at lower temperature are 
self-reversed. 

Kirchhoff’s law; application to the absorption spectra of metallic vapors in the 
electric furnace.—This is briefly discussed. 


In former experiments with the electric furnace the writer has 
occasionally made use of the column of vapor inclosed in a graphite 
tube to produce absorption spectra, the incandescent background 
being given by the terminal of a carbon arc burning outside the 
furnace chamber. In this way the pressure-shifts" of absorption 
lines and the phenomena of anomalous dispersion? have been 
observed. 


I Mt. Wilson Contr., No. 60; Astrophysical Journal, 35, 183, 1912. 
2 Mt. Wilson Contr., No. 79; Astrophysical Journal, 45, 254, 1917. 
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In the work here described the furnace was made to supply 
its own continuous spectrum by placing in the middle of the tube, 
the heated portion of which was 20 cm long and 12.5 mm internal 
diameter, a short plug of graphite. The light from the plug passing 
through a metallic vapor filling the tube produces an absorption 
spectrum. The arrangement gives a close approach to black-body 
conditions, and is similar to that of Liveing and Dewar," who studied 
the reversals of spectrum lines by passing a carbon rod into a 
carbon tube heated by an external arc. 

1. Relation of emissive and absorptive power.—It was of special 
interest to see how the effects obtained may be interpreted as fol- 
lowing from Kirchhoff’s law, and also how the absorption spectrum 
compares with the emission spectrum of the furnace at the same 
temperature, obtained by simply removing the plug, thus leaving 
all conditions unchanged except the length of the column of vapor. 

Kayser, discussing the application of Kirchhoff’s law to absorb- 
ing vapors,” lays stress on the fact that lines in the same spectrum 
may differ in absorbing power, so that a given relation between 
the background and the absorbing vapor need not be expected 
to reverse all of the lines emitted by the latter. If for any given 
wave-length the emission of the plugged tube, practically that of a 
black body, be denoted by e, and that of a black body having the 
same temperature as the vapor in the tube by e’, then the emissive 
power of the vapor will be e’A, where A is its absorption coefficient 
for the given wave-length. The total emission from the tube filled 
with vapor will then be 


ete’A—eA =e—(e—e’)A. 


If an absorption line is to appear, (e—e’)A must be above a mini- 
mum positive value, the darkness of the line increasing as this 
product becomes larger. Hence the emission of the vapor for the 
given wave-length must be less than that of the plug. If e-e’ 
becomes o, only the continuous spectrum of the plug will appear, 
a condition frequently obtained in my experiments, usually by 


* Proceedings of the Cambridge Philosophical Society, 4, 256, 1882. 
* Handbuch der Spectroscopie, 2, p. 53. 
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locating the plug in a cooler portion of the tube and thus reducing 
the value of e. The vapor may then absorb a given wave-length 
strongly and still no trace of the line will be seen, the large value 
of A being rendered ineffective by the zero value of the factor e—e’. 

Assuming, however, a considerable difference in the emissive 
powers of the plug and the metallic vapor, the value of A deter- 
mines whether a line will appear strong in absorption or be invisible 
as a result of A approaching o. Kayser notes the well-known 
difference in reversibility of lines in the arc as evidence that the 
value of A is not the same for all lines. There is, however, a ques- 
tion as to whether the vapor producing a certain line is present 
in an appreciable quantity in the outer envelope of the arc, for the 
method of long and short lines shows that lines difficult to reverse 
are likely to be confined to the core. The furnace, on the other 
hand, supplies definite data. A photograph with no plug in the 
tube shows what lines are being emitted by the vapor. If under 
these conditions two of the lines are of about the same intensity, 
and if, when the plug is replaced, one of the lines appears strong 
in absorption and the other is weak or absent, a real difference 
in their absorptive powers is evident. Phenomena of this kind 
have regularly appeared in the absorption spectra to be described. 
There is a close connection between the absorptive effects and the 
class of a line as determined by the changes in its intensity at 
various furnace temperatures, and this relationship has been 
specially noted. 

2. Probable temperature differences—The difference of tempera- 
ture between the graphite plug and the absorbing vapor is difficult 
to determine. Pyrometric measurements were made on a thin 
plug placed at intervals along the tube from near the open end 
to the middle. Close to the end, where the tube is cooled by the 
massive contact block, there is evidently a considerable drop in 
temperature, but for points more than 2.5 cm away from the block 
the temperature thus measured was surprisingly uniform. For a 
central temperature of 1800° C. the drop within this limit amounted 
to about 100°, but at 2400° the difference seemed to be not more 
than 25°. There isa question, however, as to how fully the inclosed 
vapor takes up the temperature of the wall of the tube, and as to 
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the influence, when the tube is very highly heated, of the rapid 
drop close to the end. There is also the consideration that if the 
radiation of metallic vapors in the furnace is due to temperature, 
the emission of a black body should be stronger than that of the 
vapor at the same temperature. This would give a virtual differ- 
ence between e and e’ at all times when the plug is in the hottest 
portion of the tube. Evidence in support of this latter point has 
been given in a previous paper,’ in which it was noted that the 
continuous spectrum from a plugged tube extended at least 300 A 
farther into the ultra-violet than the spectrum of iron vapor when 
the tube was excited to the same temperature. In any case, the 
emissive power of the vapor is less than that of the plug and the 
term e—e’ will be greater than o. 

3. General character of the absorption spectra.—For the examina- 
tion of absorption spectra several elements were selected whose 
emission spectra have previously been studied in detail with 
regard to temperature variations. These were iron, titanium, 
nickel, cobalt, calcium, and barium, the first two receiving the 
larger share of attention. It was evident at once that the absorp- 
tion spectra differed greatly from those shown at the same tempera- 
ture in emission. With titanium, no absorption lines showed at 
2000°, though a large number of lines, listed in a former paper, 
appeared at this temperature when there was no plug in the tube. 
When the temperature of the plugged tube was raised to 2400°, 
an absorption spectrum was brought out consisting of the same 
lines as are shown in emission at 2000°. These are the low- 
temperature lines, belonging to classes I and II, the difference 
between the classes being in the rate at which the lines strengthen 
with increasing temperature. Similar results with the other 
elements showed that the absorption spectrum corresponds with the 
emission spectrum at a temperature several hundred degrees lower. 
As a means of picking out low-temperature lines the absorption 
spectrum, obtained quickly at high temperature, is almost as 
reliable as the emission spectrum corresponding to the temperature 
at which the vapor begins to radiate and which often requires a 

* Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 230, 1913. 

* Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 
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very long exposure to photograph. A different condition prevails 
in the ultra-violet, however, since in this region the emission spec- 
trum ceases rather abruptly at a certain limit, depending on the 
temperature, while the easy reversal of ultra-violet lines causes a 
strong absorption spectrum which extends almost as far as the 
continuous ground given by the plug. 

4. Relation of absorptive power to temperature class—We may 
now take up the variation of A for different lines and its connection 
with the temperature classification. The difference in absorptive 
power of lines belonging to different temperature classes was very 
distinctly brought out. The strongest absorption lines are those 
of class I. The stronger lines of class II also show considerable 
intensity in absorption, but if two lines belonging respectively 
to classes I and II are of about the same intensity in emission 
(for example, AX 4415 and 4427 of iron) that of class I will be 
stronger in absorption. Such lines of class III as appear faintly 
in emission at low temperatures can be obtained in absorption, 
but only with difficulty. For instance, in the iron spectrum 
at 2000°, 4260 (class III) is stronger in emission than \ 4258 
(class I A), but in absorption, with the tube at the same tempera- 
ture, \ 4258 becomes the stronger. Numerous other contrasting 
pairs of the same kind might be noted. The absorption spectrum 
of iron at 2000° is very similar in the blue and violet to the emission 
spectrum at 1650°, which is about the lower limit for the appearance 
of lines of class III. This results simply from the fact that at 
1650° the lines of class I dominate the spectrum and, because of 
their higher absorptive power, they again dominate when a tem- 
perature stage is reached at which an absorption spectrum first 
appears. Lines of classes II and III, which are certainly being 
emitted by the vapor at this higher temperature, are deficient in 
absorbing power and either appear faintly or are quenched by the 
continuous spectrum. The same reasoning explains the absence 
in absorption, for the temperatures used in these experiments, 
of lines of classes IV and V and of all but the stronger lines of 
class III. On account of their relatively small absorbing power, 
a background of higher temperature would be required to show 
them in absorption. 
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It seems unnecessary to list the lines which have thus been 
obtained in absorption for iron and titanium, since they can at 
once be selected from the tablest of the furnace classification for 
these spectra. For lines of the same class the relative intensities 
in absorption are the same as for the furnace in emission, the 
differences between the two kinds of spectra showing a consistent 
connection with the class of the lines concerned. 

The absorption spectrum of calcium is of interest on account of 
the variety of types of lines represented. 4227 may have great 
width, depending on the amount of vapor present. H and K are 
narrow absorption lines, strengthening with the temperature, with 
little dependence on vapor density. The other calcium lines 
appearing in-absorption within the range 3500 to A 5000 cor- 
respond in strength with their furnace classes; the strong lines as 
usual are of class I, some lines of class II show faintly, while the 
lines of class III, usually of diffuse structure, are absent. The 
spectra of the other elements photographed showed a repetition 
of the conditions noted. 

The difference between the arc spectrum and that of the absorp- 
tion furnace is accentuated by the fact that, in the latter, lines of 
class I A are very strong and those of class III are weak or absent. 
In the arc, the reverse condition holds, I A lines being very faint 
while those of class III are among the strongest. The fact that 
the strong lines of class III, which fade out at lower temperature, 
are difficult to produce in absorption is in harmony with the observa- 
tion of Liveing and Dewar that “it is by no means always the 
strongest lines which are most easily reversed, but those which are 
both persistent and strong.” 

5. Variation of absorption effects with wave-length—The iron 
spectrum, which was examined in absorption and emission from 
4 3000 to d 8200, furnishes an illustration of the change in the 
absorption spectrum with wave-length. A plug temperature of 
2600° gave no iron lines in absorption beyond \ 5507. Iron lines 
of class I are few and relatively faint in the red. In the case of 
other elements, however, there is no difficulty in obtaining lines 

*King, Mt. Wilson Contr., Nos. 66, 76; Astrophysical Journal, 37, 239, 1913; 
39, 139, 1974. 
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of high absorptive power in this region, the potassium pair 
Ad 7765-99, for example, appearing readily in absorption. In the 
yellow and green the iron lines of class I absorb strongly, and a 
few of class I faintly. The strong lines of class III near \ 4900 
were absent in absorption; though they appear in emission at much 
lower temperatures. In the blue, besides a fairly complete spec- 
trum of lines in classes I and II, a few of the strongest lines of 
class III appeared faintly in absorption. This condition extends 
into the ultra-violet, where in the emission furnace many lines 
reverse readily. As would be expected, their strength in absorp- 
tion corresponds closely with the width of the self-reversal in emis- 
sion. Presumably higher temperatures would bring out absorption 
lines of successively higher classes and show lines in the red which 
appear in emission at low and medium temperatures. 

6. Production of mixed absorption and emission spectra.—By 
placing the graphite plug beyond the center of the tube away from 
the spectrograph, so that some of the metallic vapor is hotter than 
the plug, it is possible to obtain emission and absorption lines 
at the same time. The lines then showing in absorption are those 
of the low-temperature class. When the plug was not quite in the 
hottest portion of the tube, the pure absorption spectrum was 
replaced by one in which some of the lines, usually those of class II, 
appeared in emission on a continuous ground. Moving the plug 
to a still cooler portion caused a relative strengthening of the 
emission spectrum, and a position could be found such that the 
regular emission spectrum appeared, complete with the exception 
of the most easily absorbed lines of class I, which still appeared in 
absorption. Owing doubtless to the higher vaporization point 
of titanium, a mixture with iron showed the iron lines to be more 
easily absorbed. It is thus simply a matter of adjusting the 
intensity of the incandescent background to obtain in emission the 
higher temperature lines (including the enhanced lines when these 
are given by the furnace) while the low-temperature lines appear 
in absorption, a difference clearly due to the different absorbing 
power of lines belonging to different classes. 

7. Effects due to balancing of emission and absorption.—I have 
experimented further in this way by placing the plug only 2 or 3 cm 
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from the farther end of the heated tube, thus causing its emission 
to be of about the same strength as that of the metallic vapor in 
the hottest portion. Some lines then appear in emission and others 
in absorption, according to their temperature class, while others, 
often among the strongest in the spectrum, are absent, being 
neutralized by the incipient absorption which they are undergoing. 
With calcium in the tube under these conditions, H and K appear 
in emission, and \ 4227 in absorption, with no trace of any other 
lines from \ 3500 to X 5000. Some of the high-temperature lines 
are doubtless quenched by the continuous background on account of 
their weak emission by the vapor, but many strong low-temperature 
lines, such as the group of six near \ 4300 and the series triplet 
AA 4425-55, disappear because they are beginning to reverse and 
are in the state where emission and absorption are nearly equal. 
With iron the effects were very striking. A condition was obtained 
such that the strongest lines in the blue region, AA 4271.9, 4308, 
4326, 4384, were invisible, while most lines of classes II and III, 
weaker than these, showed in emission and many of the easily 
absorbed lines of class I in absorption. The absent line \ 4384 
is a member of a triplet of which the lines are always affected alike 
by changes in the source, but in this case its weaker companions 
AA 4404 and 4415 show as emission lines. A change in the position 
of the plug evidently can be used to eliminate from the spectrum 
any set of lines having about the same absorbing power. In the 
case of stellar spectra, especially those containing both bright and 
dark lines, the principle here involved can hardly fail to be active 
in causing an apparent lack of certain lines whose absence is not 
easily explained by the temperature conditions of the star in 
question. 

8. Production of absorption spectra without the use of a plug.— 
In connection with the results obtained with the plugged tube, a 
class of furnace spectra may be considered, numerous examples of 
which have been accumulated but which have been of no use in 
the regular comparison of spectra produced at various tempera- 
tures. These spectra appear when the temperature used is so 
high that the tube filled with vapor (without any plug) gives a 
strong continuous spectrum. ‘This occurs with some vapors more 
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strongly than with others and is doubtless due in large measure 
to the long column of mixed metallic and carbon vapor, although 
probably the vapor particles reflecting light from the wall of the 
tube also contribute. The intensity of the continuous spectrum 
can be increased by operating the furnace at atmospheric pressure, 
but with high temperature it appears at the usua! working pressure 
of a few millimeters, so that the well-known effect of high pres- 
sure in producing a continuous spectrum cannot be operative here. 
The presence of such a spectrum prevents any comparison of 
line-intensities with those corresponding to lower temperatures, 
for which the continuous background is less in evidence. For 
usable spectrograms, the continuous spectrum must be kept down, 
so that no faint lines may be quenched by it, and so that when lines 
reverse we have the normal self-reversal. Any increase in tempera- 
ture which is accompanied by strong continuous emission brings 
about a radical change and a more or less complete transition to 
the absorption spectrum obtained with a plug at the center of the 
tube. The absorption lines are those of the low-temperature 
emission spectrum, and, at the highest stage used for temperature 
comparisons, are for the most part self-reversed. The lines of 
higher classes and low absorbing power are blotted out by the con- 
tinuous ground. The result is that at a very high temperature 
only low-temperature lines are visible, though at a lower stage, 
before the continuous emission sets in, a spectrum of richness com- 
parable with the arc is seen. The transition between the two is 
equivalent to an obliteration of the whole emission spectrum; 
what were formerly the centers of reversals then remain as absorp- 


tion lines. 
SUMMARY 


1. By using a furnace tube obstructed by a graphite plug in 
its hottest portion, pure absorption spectra have been obtained. 

2. The types of lines which in an absorption spectrum under 
given conditions may be expected to be the strongest have been 
identified. They are not necessarily those which are strongest 
in the emission spectrum. Instead, the selection is determined 
by the temperature class, low-temperature lines being most strongly 
absorbed, with successively higher classes appearing in absorption 
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as the temperature of the source of the continuous background rises. 
As a result, the absorption at each stage of temperature corresponds 
closely with the emission spectrum several hundred degrees lower. 

3. Lines of the same temperature class follow the recognized 
rule for reversed lines, the lines of shorter wave-length appearing 
more readily in absorption. 

4. When the plug is in a cooler portion of the tube, the spectrum 
consists of both bright and dark lines according to their tempera- 
ture class; strong lines are then often neutralized through a 
balancing of emission and absorption. 

5. Absorption spectra similar to those given by a plugged tube 
may be produced without a plug if the furnace contains vapor at 
very high temperature. The lines then showing are of the low- 
temperature classes, whose absorptive power is high, while those 
of smaller absorptive power are obliterated. 

6. The phenomena studied in these experiments are those 
likely to appear when an extended mass of vapor containing 
temperature gradients is under examination. It is believed that 
their main characteristics may account for many conditions of 
line-intensity observed for such masses of vapor. 


MovuntT WILSON OBSERVATORY 
November 1919 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


FIFTEENTH PAPER: A PHOTOMETRIC ANALYSIS OF THE 
GLOBULAR SYSTEM MESSIER 68 


By HARLOW SHAPLEY 
ABSTRACT 


Globular star cluster Messier 68.—The paper contains the results of a characteristic 
photometric analysis of this hitherto unexplored typical cluster, based on fifteen 
photographs made at the primary focus of the 60-inch reflector. Twenty-eight 
variable stars were discovered, all but one of which appear to be typical, short-period, 
cluster variables. This cluster is poorer in giant stars than some others, as only 250 
are brighter than the absolute magnitude zero. The magnitudes and colors of 56 
of the brightest of these are tabulated. Most of them are red or yellow. The distance 
of the cluster as computed by three methods which give concordant results is about 
55,000 light-years. The form is quite accurately circular as far as the two thousand 
brightest stars are concerned. 

Stellar clusters —Further evidence in support of the following general conclusions is 
supplied by the analysis of M 68: (1) Cluster type variables are bluer at maximum than 
at minimum brightness. (2) Their mean brightness appears to be an astrophysical 
constant which is a little more than one magnitude fainter than the mean brightness 
of the 25 brightest stars of the cluster. (3) The fainter the giant star, the bluer is its 
color, on the average. (4) The brightest giant stars are always very red and have 
absolute photo-visual magnitudes between —4 and —3. (5) The general luminosity 
curve for the stars of the cluster differs widely from a symmetrical probability curve. 
(6) The distance of such clusters can be computed from the diameter of the image 
of the cluster, or from the mean magnitude of the 25 brightest stars, or from the mean 
magnitude of the short-period variables. 


The present paper reports on a characteristic photometric 
analysis of a typical globular cluster. The intention of the report, 
in addition to presenting explicit results that come out of the study 
of Messier 68, is to examine numerically some of the working 
hypotheses at the basis of earlier work on clusters,‘ and also to 
illustrate what astrophysical information can be derived from an 
inextensive survey of one of the globular systems. There is a con- 
siderable number of clusters no fainter than Messier 68 concerning 
whose structure little is now known. 

« For example, that relating to the general applicability of the adopted methods 


of determining parallax; cf. section 5 on page 8. 
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t. Earlier results —The position of Messier 68=N.G.C. 4590 
for 1900 is: 


Right ascension =12>34™2 Declination = — 26°12" 
Galactic longitude = 268° Galactic latitude = +3676 


There are no early measures of magnitude for the individual stars, 
aside from roughly estimated limiting values by Bailey,’ and no 
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THE VARIABLE STARS IN MESSIER 68 


variable stars had been reported prior to this study. Holetschek’s? 
integrated visual magnitude of the cluster is 8.2. The diameter 
estimated from the Franklin-Adams chart, 5/3, has led, in 
Mount Wilson Contribution No. 152, to the parallax 


™ =01000062, (1) 


* Harvard Annals, 60, 212, 1908; 76, 46, 1915. 
2 Annalen der k.k. Universitats Sternwarte in Wien, 20, 114, 1907. 


72 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 3 


to which correspond the linear galactic co-ordinates, in units of 
Ico parsecs, 


tor 
Rcos B= 129 
“R sin B=+ 97 


2. Mount Wilson photographs.—The observations in Table I 
have all been made at the primary focus of the 60-inch reflector. 
The remarks in the last column show to what use the various 
plates have been put. Although the southern declination of this 
cluster greatly limits the working season with the 60-inch reflec- 
tor and is also unfavorable to high accuracy in the comparison 
with polar standards, the plates are of good quality and the 
results appear to be trustworthy. 


TABLE I 
PHOTOGRAPHS OF MeEssIER 68 (N.G.C. 4590) 
| 
ie | nae Kind of Plate} Exposure Time Remarks 
oS | r918, July 3.68 S 27 5™, 5™, 1m Variables 
Py ae ea rg1g, Feb. 24.91 S 27 TS Variables 
4843*..... rgrto, Feb. 24.92 S 27 I Tee: Photographic magnitudes, variables 
4b4qar. oc. rgrg, Feb. 24.93 Iso + C 5 i 
BASES hme rg19, Feb. 24.95 S 27 I io) Lewr™ 
ASnsto a... 1919, Feb. 25.92 Iso + C 5 ge ats Photo-visual magnitudes 
4356*.. 5... | toro, Feb. 25.92 S 27 2 2 2 Photographic magnitudes, variables 
Voy ba er ro19, Feb. 25.93 S 27 ro fo 2 Variables 
4858*.....| 1910, Feb. 25.94 Iso + C see it Gr Photo-visual magnitudes, variables 
USEG? sooo. | rorg, Feb. 25.95 S 27 I © Photographic magnitudes, variables 
ASOZcc. hes | 1919, Feb. 27.88 S 27 12 Variables, luminosity-curve 
4864...... rg19, Feb. 27.90 S 27 35 Variables, chart 
AGQLEs.. sts 1919, May 24.68 S 30 20 Variables he ae oy 
BO2A vic vie orn 1919, May 25.670 S 30 50 Variables, positions, ellipticity, 
luminosity-curve 
OA erdare.s 1919, May 26.68 S 30 20 Variables 


* Plates with multiple exposures are polar comparisons. 


3. Variable stars—By comparing the various plates in a 
stereocomparator, Miss Ritchie has found that the 28 stars listed 
in Table II undergo appreciable variation in light. The x and y 
co-ordinates in the second and third columns give the intervals 
of right ascension and of declination from the center; x is positive 
east, and y is positive north of the cluster. The positions are 
believed to be sufficiently accurate for identification. On the 
accompanying reproduction of Plate 4864 the variable stars are 
indicated by arrowheads. 
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The magnitudes have been determined as usual through the 
intermediary of polar comparison plates and by the measurement 
of some twenty comparison stars on all photographs listed in 
Table II. The last column of the table shows the differences 
between the photo-visual magnitude on Plate 4858 and the mean of 
the photographic magnitudes on Plates 4857 and 4859; these 
values of the variable color-index apply, of course, only to one 
phase of the light variation of each star. The bluish color for all 
but No. 27 indicates that the variables are of the usual cluster type. 
The observed ranges of light-variation and the similarity of the 
median magnitudes also support this view, although neither range 
nor median brightness is definitively determined. 

A comparison of the magnitudes for any variable in Table II 
with the corresponding dates of observation in Table I shows 
that probably all except No. 27 have periods of less than a day. 
It appears reasonable to assume that these 27 stars belong to one 
or more of the sub-types™ of Cepheid variables whose absolute 
photographic median magnitudes are approximately —o.2 (Mount 
Wilson Contribution No. 151, p. 27). 

The apparent photographic median magnitude cannot be derived 
with certainty for a given variable because of insufficient observa- 
tions to determine the light-curve completely. The tabulated 
medians vary from 15.65 to 16.21; the average median is 15 .go* 
0.10 (average deviation). Considering that all observations refer 
to a typical star, however, we derive the following fairly reliable 
mean value for the 27 variables: 


Median =15“90+0.02 (p.e.). (2) 


As a further check of this value, the median of the means for the 
ten brightest and for the fifteen faintest? magnitudes in Table II is 


(16 .42+15.33)/2=15%88. 


On the basis of the observed range and the relative number of bright and faint 
magnitudes, we infer that the variables numbered 4, 6, 8, 13, and 28 may belong to 
Bailey’s sub-class c, for which the characteristics are very short period, small ampli- 
tude of variation, and light-curves practically symmetrical. 

? For the average cluster-type star the duration of “brighter than median” is to 
the duration of “fainter than median” approximately as two to three. 
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Arranging the color-indices of Table IT in order of the corre- 
sponding photographic magnitudes, we make the following tabula- 
tion, showing the anticipated increase of color-index with decreas- 
ing brightness, which is typical of this kind of variation (cf. 
Figs. 3, 4, and 5 of Mount Wilson Contribution No. 154). 


Mean Pg. Magnitude Number of Variables}! Mean Color-Index 
TS Oly sao ae ae 5 +oM23 
Ti LOO sdehell eaters tartekenaet 5 0.32 
DS$.G Deyecsstey sere ces eee 5 ©.29 
TOOK amc esis eee 6 O.41 
TOS D2 een ee eee reKe 6 +o0.41 


Xs 


4. Relation of absolute magnitude to color-index.—From the polar 
comparison plates the magnitudes have been determined both for 
a series of selected comparison stars, to be used in studying the 
variables, and for a complete list of all the brighter stars (outside 
the central nucleus but within 3/5 of the center), to be used in 
determining the parallax of the cluster and the upper limits of 
luminosity. Table III contains the positions, magnitudes, and 
colors of these stars. By accepting the value of the parallax 
adopted in a following section, the apparent photographic and 
photo-visual magnitudes may be transformed into absolute values 
by subtracting 16.15 from the magnitudes given in Table III. 
It is then seen that these stars are all giants, most of them red and 
yellow, but a few of the fainter ones blue. 

The interdependence of color and magnitude among the giant 
stars is illustrated by Table IV and Fig. 1. The usual color law 
for giant stars in clusters, already found in several systems,? holds 
also in this case; that is, the fainter the giant, the bluer is the 
color, and, if the star is a Cepheid variable, the shorter is its period. 
The last group of Table IV (not plotted in Fig. 1) contains oF 
variables; the next to the last group contains 3 stars, and the 
preceding groups contain 5 stars each. The variables agree 


perfectly with invariable stars in the relation of median color to 
absolute luminosity. 


* Mt. Wilson Communications, No. 34, I916. 
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5. The distance of Messier 68.—As described in Mount Wilson 
Contribution No. 151, section V, the mean apparent photographic 
magnitude of the bright stars can be used as a measure of distance. 


+0.3 +0-5 10.7 +0.9 —--L.1 1.3 


Fic. 1.—The color of giant stars in Messier 68. Abscissae are mean color 
indices; ordinates are apparent and absolute magnitudes. 


Excluding the five brightest stars, we obtain from Table III for the 
next twenty-five stars in order of brightness the mean value of 
14.800.21 (average deviation) with extremes of 1431 and 15“o08.7 


TABLE IV 
Cotor OF GIANT STARS 
MesAn PHOTO-vISUAL MAGNITUDE 
Mean Coror-INDEX 

Apparent Absolute 
TOS Omnia era —3.56 +1™40 
TS 5 TB Sorw oe che treynetelees —anO8 =| Fe 28 
TRC MORN aren Bente vs ar oe —2 54 +1.08 
T:3:5, OG sce ant oneal ehierrexerane 20 +0.93 
TARTS 5 ce hott —200 +0.88 
TAS 2 9 oto craeea eee —DO7 +o.76 
TA. S22eG 1 ale valor —1 62 +0.90 
TAOS san ee aoe ory Onna 
G2 Os. ste tree —o.89 “One 
TS SAT Di Sac ieneaee —— Oe #-+-0.50 
TG OLS css oe ae ea —On54) 0.33 
Eby Beg ona eee —o0.58 +0.34 


If, as previously adopted, this mean value corresponds to absolute 
magnitude —1.5, we derive as the parallax of the cluster 
T = 01000055. (3) 
* Cf. Table II of Mt. Wilson Contr., No. 152, LOL ye 
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A better determination of the distance may be based on the 
variable stars, whose intrinsic luminosity is known with higher 
accuracy than that of the brighter stars. Accepting —o.23 as the 
absolute value of the median photographic magnitude,! we compute 
from the observed value (2) 


1 =0/0000595. (4) 


These new determinations are of much higher weight than (1), 
which is based on the measured diameter alone. Assigning weights 
I, 2, and 4 to (1), (3), and (4), respectively, we derive the definitive 
value 

m™ =07000059, 


which difiers from the earlier determination by less than 5 per 
cent. Corresponding to the adopted parallax, we have, in units of 
100 parsecs, 


R= 170 
Rceos B= 137 
R sin B=+102 


and, to reduce from apparent to absolute magnitude, we compute 
the factor m—M =16.15. 

The difference, median minus “‘mean of 25 brightest,’ +1.10, 
is somewhat small; but it differs by less than the adopted probable 
error from the mean value (derived from several clusters in Contri- 
bution 151) that was used in Contribution 152 for the determination 
of the distance of a considerable number of clusters in which variable 
stars are infrequent or unknown. 

6. The general luminosity-curve.—The relation of the frequency 
of stars to absolute brightness is tabulated for two photographs 
in Table V. Numbers in parentheses show the frequencies when 
the known variable stars are excluded. On the plate of longer 
exposure, No. 4924, the magnitudes have been determined for 
more than 8oo stars in representative selected areas that cover 
about one-fourth of the whole cluster; on Plate 4863 all stars in 
the cluster brighter than magnitude 17.5 were measured, excepting 
those within half a minute of arc of the center. Because of the 


I Mt. Wilson Contr., No. 151, p. 27, 1917. 
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small apparent diameter and the fairly high galactic latitude of 
Messier 68, no correction for background stars has been considered 
necessary. The reduction of the measures has involved, however, 
the usual correction for irregularities of the measuring scale and 
for distance from the center of the plate, and also for the unlike 
magnitude intervals in Table V. 


TABLE V 
LUMINOSITY AND FREQUENCY oF STARS 
PLATE 4863 PLATE 4924 
Absolute Pg. Mag. Number of Stars Absolute Pg. Mag. Number of Stars 
Oct Or See Ont Deg SOs Ane ain ea tonne Ona 
= Tr nae ae ee ete 4.3 me MAPPED Oh coce 1.4 
at FC Re enti. eo re 5 —T264) ns oer eee TA 
= T HOL ee eee Te 9 a AC eNO Ae Or A CZ 3 
= 608).hac sero ees 24 (23) = 0: 80te wees aces Ommas) 
=O AO sie norte 6x (55) =O SON aan aormrane Ir (10) 
= OOS. LRA Ue tere 72 (65) = Ol 2 Oia Stee ere T4 (£2) 
==) iT Tawa aerecer Go: (5:3) alles 0: COm es arene 14 (12) 
“ORT Lica tee eee eee 31 (20) <HOR2 7h en ene Ir (to) 
OR d Mont rose ke ne 24 (22) ROR SSiotreaesetee ee 9 , 
Te On ficuere vst ontansiaiel sanere 25 TOT SBtr ane aease cence ste I3 
=F 1 OlaPai rar cnalle Suet Soaaets 41 HEL Deas eee iets 17 
Me Soe co era Cee ec 70 FP Lads ePaper he eee 19 
“EIAGiacecace emcee 25 
SR Pe ite chests eS 4.c00 42 
ee roe Seals 74 
“fe 25:5) a siatercusrarearctereiel eters 130 
TP O27 s slrate mente renee 234 


The relatively high frequency of stars near the median magni- 
tude, Fig. 2, appears to be much the same in this cluster as in five 
other globular clusters previously studied.t With the variable 
stars omitted, the phenomenon of a secondary maximum is still 
distinctly shown. From these results it appears that the general » 
luminosity-curve in a star cluster cannot be accepted as a sym- 
metrical probability-curve. The computation by Schouten? and 
Coeberg? of the distance of clusters, on the basis of the relative 
frequency of stars of the brightest few magnitudes, is therefore 


* Mt. Wilson Contr., No. 155, 1917. 


2 Verslagen Koninklijke Akademie van Wetenschappen te Amsterdam, 20, 1147, 
1293, 1918. 


’ Hemel en Dampkring, November 1918. 
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open to serious objection because they assume the luminosities to 
be distributed according to a normal error-curve. The question- 
able assumption is obviously responsible for the anomalous results 
obtained by them for the absolute magnitudes of all stars in clusters. 

7. The maximum luminosity in Messier 68.—The 
mean absolute magnitude of the five brightest cluster 
stars is —2.16 photographic and —3.55 photo- 
visual. Variable No. 27 is excluded from this group 
as possibly not a member of the cluster; if a cluster 
star, its absolute photographic magnitude at maxi- 
mum would be of the order of —5.0. The brightest 
blue star in the cluster appears to be No. 20 with 
the absolute photo-visual magnitude —o.5. 

In Messier 68 there are about 250 stars brighter 
than absolute magnitude zero; in Messier 13 and 


150 


100 


50 


eK 
—oM — M ho + 2Mg 
Med. Mag. 


Fic. 2.—General luminosity-curves for Messier 68, from Plates 4863 (full line) 
and 4924; abscissae are absolute photographic magnitudes; ordinates, numbers 
of stars. 


Messier 3 there are something like twice as many stars brighter 
than the same limit of absolute brightness. 

8. The form of the cluster—Using the system of superposed 
sectors and rings, described in earlier discussions of the ellipticity 
of clusters, we have counted 1700 stars brighter than absolute 
magnitude +2.7 on Plate 4924. There is no appreciable deviation 
from perfect circularity. The results appear in Table WAL, where 
opposite 30° sectors are combined to eliminate error in centering. 
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9. Summary and conclusions.—A. The results of a character- 
istic photometric study of Messier 68, a hitherto unexplored south- 
ern globular cluster, include the following items: (1) discovery of 
28 variable stars, all but one of which appear to be typical cluster 
variables; (2) verification of the earlier result that cluster-type 
variables are characteristically bluer at maximum light than at 
minimum; (3) tabulation of the magnitudes and colors of the 
brightest giant stars of the cluster; (4) a new determination of the 
distance (55,000 light-years), based on diameter, variables, and 
bright stars, which differs very little from an earlier value based on 


TABLE VI 


DISTRIBUTION OF STARS 


NUMBER OF STARS 


PosITIoN ANGLE 


Distance from Center| Distance from Center 
0.5 to5.0mm r.0to 4.0mm 
GPE SP I Bere Se Ay 293 205 
Ot earn OkamsIN Ch: 279 207 
TL aCNE Ee IPTR RTCIS tee OF 284 212 
TOS parser tees eines 277 200 
2 'S Swan a ahoroavens teres 280 208 
TOS, stacesn ae eee 288 209 
Meann ava eae 284 208 


diameter alone; (5) proof of the circularity of the cluster, so far 
as the two thousand brightest stars are concerned; (6) discovery of 
a secondary maximum in the general luminosity-curve at about 
the median magnitude of the short-period variable stars; (7) evi- 
dence that this cluster, which is less concentrated to the center 
than usual, is much poorer in giant stars than some other globular 
systems. 

B. The following general conclusions, resulting from previous 
studies of clusters, are directly supported by the evidence from 
Messier 68: (1) The general luminosity-curve for the stars in a 
cluster differs so widely from a symmetrical probability-curve that 
the former is of little value in determining the distance of clusters 
by the method tentatively suggested by Kapteyn (cf. Fige2) 
(2) The median brightness of the short-period variables in any 
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globular cluster appears to be an astrophysical constant whose 
value is a little more than one magnitude fainter than the mean of 
the magnitudes of the 25 brightest stars in the cluster; this result 
gives weight to the distances of clusters derived from measures of 
their brightest stars. (3) The diameter of the image of a globular 
cluster on a photographic chart is a valuable criterion of distance. 
(4) The brightest giant stars in globular clusters are always very red 
and have absolute photo-visual magnitudes between —4 and —3. 
(5) With decreasing brightness, at least as far as absolute magnitude 
zero, the average color-index of the giant stars decreases (cf. Fig. 1). 


Mount Witson OBSERVATORY 
October 1919 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


SIXTEENTH PAPER: PHOTOMETRIC CATALOGUE OF 848 STARS 
IN MESSIER 3 


By HARLOW SHAPLEY anp HELEN N. DAVIS 
ABSTRACT 


Globular cluster Messier 3—The paper reports in detail measurements of 14 
photographic plates taken at the primary focus of the 60-inch reflector during 1915 
and 1917. Table I is a photometric catalogue of 848 stars, giving the photographic 
and photo-visual magnitudes and the color-index of each. Of these stars, 750 are 
suitable for statistical work. The known variables are omitted, but it appears from 
a comparison of the different plates that at least 17 others are probably variable stars. 
As for the distribution of stars of various magnitudes and color-type, a statistical study 
of the measurements shows that stars of all types and magnitudes are very well mixed, 
at least for angular distances from the center greater than 2’. The spectral curve, 
omitting variables, shows a maximum frequency near color-class fs and differs from 
the corresponding curve for Messier 13 in being without a secondary maximum for the 
blue stars (Fig. 1). The magnitude curve shows a maximum frequency for photo- 
visual magnitude 15.5 which is near absolute magnitude zero, as computed on the 
basis of the previously determined parallax of 07000072; the curve, as usual, is far 
from being symmetrical. The relation of color-index to magnitude shows the usual 
decrease of. index with decreasing brightness (Fig. 3). In general these results cor- 
roborate those yielded by the previous analysis of Messier 13. The position co- 
ordinates of 370 stars which were not listed by von Zeipel are given in Table III. 


An extended investigation of the photographic and photo-visual 
magnitudes of stars in the globular cluster Messier 13 is described 
in the second paper of this series, Mt. Wilson Contr. No. 116. 
The study yielded results of sufficient novelty and importance to 
justify the detailed corroborative analysis of another globular 
cluster. For this purpose the bright northern system Messier 3 
was chosen because of the excellent catalogue of positions by von 
Zeipel' and the published and unpublished studies of variable 
stars at Harvard? and Mount Wilson.’ The work was begun in 


t Annales de Observatoire de Paris, Mémoires, 25, F1-101, 1908. 

2 Harvard Annals, 78, 1-98, 1913. 

3 Mt. Wilson Contr., No. 154, 1917; Mt. Wilson Communications, No. 47, 1917; 
Publications of the Astronomical Society of the Pacific, 29, 110, 140, 1917. 
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1915 and completed nearly two years ago, some of the results 
appearing meanwhile in Mt. Wilson Contr. Nos. 151 and 152, and 
particularly in Mt. Wilson Contr. No. 155. An illustrated discus- 
sion of the dimensions of Messier 3 was printed in Publications of 
the Astronomical Society of the Pacific, 29, 245, 1917. 

Stars in the central part of Messier 3 have not been measured 
for magnitudes because of the uncertainties introduced by the 
Eberhard effect into photographic work in crowded regions. 
Between distances 1/8 and 11/3, however, the survey is practically 
complete to photo-visual magnitude 16.8, and about 140 fainter 
stars have also been measured. Altogether the catalogue contains 
848 stars, less than 100 being within 2’ of the center. 

The catalogue of Messier 13 (Table IX, Mt. Wilson Contr. 
No. 116) contains 616 stars, all more distant than 2’ from the 
center of the cluster, and complete to photo-visual magnitude 
15.6, approximately. Because of the greater distance of Messier 
3, the gain of 1.2 in apparent magnitude is partly lost when 
absolute magnitudes are considered. Thus, using the parallaxes 
given in Mt. Wilson Contr. No. 152, we have 


Messier 3 Messier 13 
Parallax 07000072 0000090 
m-M 55.92 15.23 
Limit of Abs. Mag. +1.08 +0.37 


1. Observational data.—The photographs used in the present 
work are described in Table I. All were made at the primary focus 
of the 60-inch reflector. In addition to these plates more than 
eighty others have been made at Mount Wilson, largely for work | 
on variable stars. The ten thousand measures of magnitude for 
the photometric catalogue are mainly the work of Miss Davis. 
Miss Ritchie has assisted in preparing the tables and figures for 
the press. 

2. Description of the catalogue—The numbers in the first 
column are those of von Zeipel’s catalogue. Postscript letters are 
assigned to stars fainter than those listed by him. Miss Ritchie 
has measured position co-ordinates on photographic enlargements 
of the cluster for the identification of the 370 postscript stars, 
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referring each object to two or more stars of von Zeipel’s catalogue.* 
The results appear in Table III. The center of the cluster is 

Be are aSr aT G5 ae 

Decl. = +28°52’s6"”| *9°°-° 
according to the determination by von Zeipel. Approximate 
galactic co-ordinates are: Longitude =8°, Latitude = +77°. 


TABLE I 
List OF PLATES 

PLATE No 
a —— DATE LENGTH OF Exposures USE 
Number | Kind SSPE Som Pot 
2378s.2] ESQ || rors, Apr. 76 rom 2 Photo-visual magnitudes 
Ay oie S 27 Apr. 16 | 2 2 Comparison stars 
2462...) Iso | June 7 | Be) I Photo-visual magnitudes 
2AOSS iS. 27 ‘fune™ 7 3 2 Photographic magnitudes 
2505...| Iso July 6 20 I Photo-visual magnitudes 
2506... 27 July 6 3 2 Photographic magnitudes 
3678...| Iso 1917, Mar. 28 | 5 2 Photo-visual zero point 
3679. 1-9 27) | Mar. 28 | 3 2 Photographic magnitudes 
3080...) S27 Mar. 28 B 2 Photographic magnitudes 
3684...| Iso | APE. 1Q) |) §120; 20 ° Photo-visual magnitudes 
3774...| Iso | May 27 52, 10 ° Photo-visual magnitudes 
Sse T LsOm || May 27 go, I5 ° Photo-visual magnitudes 
3846...) S 27 | July 25 | 4 2 Postscript stars, photographic 
3847.,-| 5 27 | July 25 5 2 Postscript stars, photographic 


An asterisk following the number in the first column indicates 
that the deduced magnitude is uncertain because of duplicity, bad 
image, or similar cause. Such stars are excluded from the statis- 
tical discussion. A dagger following the number indicates a com- 
parison star used at Harvard and Mount Wilson for the study of 
variable stars. The magnitudes for these stars, collected in Table 
VI, depend upon a rather extensive discussion, which will be 
described in a later contribution dealing with the variables. 
The three stars marked with a double dagger, Nos. 612, 752, 982, 
were measured by Miss Ritchie after the completion of the cata- 
logue and are not included in the following discussion; their spectra 
have been determined by Mr. Sanford and will be reported by 
him in another place. 


t Corrections to von Zeipel’s catalogue: No. 502 is about 10” south of catalogued 
declination, which refers to our 502a; No. 1227 (on our chart made in 1915) is about 
4” north of the catalogued position; No. 184 is not found on Mount Wilson plates. 
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The second column contains the distance from the center 
of the cluster in minutes of arc. The final photographic and 
photo-visual magnitudes in the third and fifth columns, and the 
color-index in the last, are followed by colons when special un- 
certainty has affected the measurements; these doubtful results 
are also excluded from the statistical treatment. A few stars 
impossible of accurate measurement (brighter than photo-visual 
magnitude 17 and outside distance 1'8) may have been omitted 
entirely, but it is very unlikely that any of the omissions noted 
above have prejudiced the general interpretation of the observa- 
tions. 

For all determinations of a star’s brightness the residuals from 
the mean are given in hundredths of a magnitude in the fourth 
and sixth columns of the catalogue. The photographic residuals 
refer, in order of the sub-column, to Plates 2463, 2506, 3679, and 
3680, respectively, except that when in parentheses in the first 
two sub-columns the residuals refer to Plates 3846 and 3847. 
Similarly, the photo-visual residuals refer to Plates 2371, 2462, 
2505, and 3684, respectively, with residuals for Plates 3774 and 
3775 appearing in parentheses in the first two sub-columns. The 
letter “‘m”’ indicates that the tabulated magnitude depends upon 
only one plate. An asterisk following the photo-visual magnitude 
(six instances) means that the star was also measured on Plate 
3678, but the residual for that plate is not entered in the following 
column; its value is the algebraic sum of the residuals there given 
with sign changed. Occasionally, in forming mean magnitudes, 
uncertain values were given half-weight; such cases are shown by 
the residuals; for example, see No. 926a. 

To eliminate errors as far as possible, all color-indices less 
than —o.30 or greater than +1.40 have been independently rede- 
termined from special series of measures, and all magnitude 
determinations showing residuals greater than 0.20 have been 
re-examined. Some corrections to the catalogue resulted from this 
supplementary work; its main outcome, however, is the conviction 
that many of the stars, whose magnitudes are similar to those of 
the variables, undergo slight variations of light. (Cf. discussion of 
their residuals in Mt. Wilson Contr. No. 15 5, Pp. 5-) The following 
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17 stars have photographic residuals greater than 0.25 and in 
most cases are probably variable stars: 


251 845 1241 
Rhy) ; 935 I244 
603 962 1374 
606 1146 ™437 
632 1170 1439 
665 1214 


There are 49 stars, including the comparison star h, with photo- 
graphic residuals between 0.20 and 0.25. All of these stars will be 
included in future investigations of the variables. 

The photographic and photo-visual residuals are summarized 
for the principal plates in Tables IV and V.* The systematic 
errors are satisfactorily small and no serious divergence of scale 
has been found. The average probable error of the final magnitudes 
is 0.04, which is of the same order of accuracy as that attained 
in the comparable study of Messier 13. 

The contents of the catalogue (which does not include any of 
the 150 known variable stars) may be summarized as follows: 


Number of 

Stars 

With asterisks dn Sry ey Ts Dy 
With no color-index .. aoe 21 
Color-index with colon fancertaia) ae 10 
Fainter than 16.99 (Pv. mag.) .  . .« . 64 
Supplementary . 3 
Suitable for statistical rocks (Tables VIL, VIII, ao ) 750 
Total ; : : ‘ 875 
Subtract for late leans Poy akc an Ny 

Net totalin catalogue. . . . 848 


3. Statistical tables and diagrams.—Tables VII and VIII are in 
the usual form for the correlation of magnitude, color, number, 
and distance. Tables IX and X give convenient summaries or 
rearrangements of the larger tables. From the various tables, and 
from the figures illustrating these tabular results, it is clear that 
distance from the center? plays no very important part in the 

t Some stars were measured after the tables were formed, so that altogether more 
than 3600 residuals appear in the catalogue. 

2 This does not apply to distances less than 1'5. 
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interrelations of color, magnitude, and number of stars. This 
conclusion supports the earlier one that the stars of all types and 
absolute magnitudes are very well mixed in a globular cluster. 

The spectral curve of Messier 3 (Fig. 1) has its maximum 
near color-class f5, in that respect agreeing with Messier 13; but 
the form of the curve as it now stands differs conspicuously in the 
absence of a preliminary maximum for the blue stars. If colors 
for the 100 variables, within our present limits of distance from 


—0.36 0.0 +0.4 +0.8 ce +1.6 


120 


60 


°5 I ao fo go ko mo 


Fic. 1.—Spectral curve of giant stars in Messier 3; ordinates are numbers of 
stars in each half color-class; abscissae are color-indices and color-classes. Variable 
stars are not included; there are about too within the region studied, and their 
average median color-index, which varies with the light, is probably +o.25. (Cf. 
Contribution, No. 154, Fig. 4.) 


the center, were also included in the diagram, it is probable that 
this dissimilarity between Messier 3 and Messier 13 would largely 
disappear. As noted before,‘ the many blue stars of Messier 13 
appear to be represented in Messier 3 by cluster-type variables. 
The photographic and photo-visual luminosity-curves for Mes- 
sier 3 have been fully discussed in Mt. Wilson Contr.No.155. The 
maximum frequency of stars in the vicinity of absolute magnitude 
zero is conspicuously shown, for all intervals of distance from the 
center, by the numbers in the last column of Table VIII. The 
* Mt. Wilson Contr., No. 155, p. 12, 1917. 
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wide divergence of these observed luminosity-curves from a sym- 
metrical probability-curve again points to the inadvisability of 
assuming them comparable for the purpose of estimating the 
distances of clusters." 

Although the galactic latitude of Messier 3 is so high that 
superposed foreground stars are few, there may be some evidence 
in the shape of the curves in Fig. 2 of the influence of non-cluster 
stars on mean magnitude and color at distances greater than 7! 
It is more likely, however, that the brighter average magnitudes 


15-5 
a 16:0 
16.5 
E5.O 
6 15-5 
16.0 
+o0.80 
= See eee 
+0.40 


i , 


I‘o 340 5/0 foo gio nett C6) 


Fic. 2.—Average magnitudes and colors for different distances from the center: 
a) photographic magnitude; 6) photo-visual magnitude; c) color-index. Abscissae 
are distances in minutes of arc. 


at the greatest distances, and also near the center, are due to 
incompleteness of the catalogue to the seventeenth photo-visual 
magnitude in those regions. 

Figure 3a illustrates for Messier 3 the decrease of color-index 
with decreasing brightness, which has been found to be a typical 
characteristic of the giant stars in globular clusters. A similar 
diagram for Messier 13 based on data given in Mt. Wilson Contr. 
No. 116 is given in Fig. 3b. In both cases the mean absolute 
magnitudes are derived from the parallaxes given earlier in this 


paper. 
1 Cf. Mt. Wilson Contr., No. 175, 1919. 
Or 
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Fic. 3, a and b 


a) The color of giant stars in Messier 3 (distance $2’). The circles indicate 
the mean color-index for equal intervals of magnitude (Table X); the dots indicate 
mean magnitudes for equal intervals of color-index (Table IX). Abscissae are color- 
classes and color-indices; ordinates are absolute photo-visual magnitudes. |The form 
of the broken curve is of course affected by the absence from the catalogue of stars 
fainter than photo-visual magnitude 17. The continuous curve, however, accurately 
represents the change of average color with brightness down to photo-visual magni- 
tude 16.8; fainter stars are not included. 


b) Similar representation of the color of giant stars in Messier 13 (distance 
5 2’ except for m stars). 
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TABLE II 


PHOTOMETRIC CATALOGUE OF 848 STARS IN MESSIER 3 


Noum- 
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Pe7t.. 
1570.. 
TSG, « 
ESS. 53 
FHC o. 
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64a... 
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TO7 s+ 
FOO=. 
168a. . 
TOO... 
a ee 
£75 on 
ny te 
iB jy 
1774 

770. 
BIOS 
7Q9a.. 
EDO. or 
180d... 
180d... 
Poles - 
r81b.. 
EOI... 
EO2::e s 
Togo 
TSoc 
188a 

188d... 
188c.. 
188d.. 
TSO 
Igo... 
rgod.. 
TOT sc 
£OQnEe 
103-7; 
193a.. 
LOA Ae 
EOQGraec 
196... 
TOS... 
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TASTE | 858" 2838 |S Fok Gahan; ease. | oead |) (= Sey eee —0.12 
TAOQs | OVO E3244 == 20 ASO wgene cs 2873 se lisy recat ate +0.66 
EAOS Pe TOLOVETO,000 |i 0-1-1 Osan secre | le Oe TA || (—n. gst) rene ele eS EORAO 
EAORG a EONS) ||| TO<OGr | eC te) O) sae ysis 0c 16.60 | (—2ny+F20)....,.... +0.36 
1405. Pik ere Oe DO. |) TLL etd grec cae nteres niserce WAC eh “LDP eine yalBs & +0.79 
TAGE | 96.8;) 57-70) || (—tos Err). sj TOOT (=m Se-\-a O)) ae meee +0.49 
1408. OcO ae Ter Ol ye eT Tcl. cng < LU 20 le iets) eee eee +0.79 
TAOS a) OSPR T TROL Carcass IN) eee gen ole Ons snl aC meget) Seen) ee een ROR OO 
I4I2. O20 |oThs42 Pt A Bac ee yeee | E4e87 | (tas — ees eORS 
FAEQE HetO. 0.) TOSS 2a (— 35-13) cayoee  il0.40 | (= 2571-23 ues seem leona 
TAL20| 8.2%) TO.98 | ( 2)— 2)S. i jen... 26.978) (Haz ere) ne pons | eteOn20) 
I4I3. 7.7 | 15.68 | + 5,—11,+21,—13 | 15.50 | (+ 3,— 3)....,.... | +o.18 
I417. OnOn} TOT 2H il S— TFET oon gr oe TG O25 |e (et A) eee ee +0.42 
TAU7e.) 9.4. 16.60 |-(— 4,4 4)5..0,.... | 16.20 | (= 8, 0)...05.006 10.40 
1418. 8.3 | 15.44 | — 5,—10,+14,. TAR Shah (Cet. 20) ener ee —o.II 
1420. 9.4 | 14.92 | + 6,— 7,+ 1,. TAA ys (2,10) wae ents +o0.78 
PALES a3 a) EUeTOU (tO. TT). eat ne, | || TO nSTel eos, GID) cere oem lesion ZO 
PAROG 5) 48.5 1 762704) (4o.0,— 8)... gues « 16.34 | (—10,-+-10)..2.,.... || +-0.30 
TAQ2 ei TO. |), F550 Oy of Osteen gereae TAS Sale o 7 ne) a eee eee +0.66 
1426. 9.7 | 15.28 | +15,—23,4 9,. TA SS (=e O50) yee een 7S 
1426a.| 8.8 | 16.72 Ost aE) er weaves T6522 0| 0 (=P) Sarena +0.47 
TAZ TORAT | TS 93 1 — 23a T 3s ages A ll LSio 3S. (= Beto) eres aneeen tttcOns5 
1433. Peo) | Se Caw lgonice moons slpeisore a) (Ga tar eiosconscse Pp Reoage 
1435- G26) 092 He Oj — POs eyes 156305) (tA — 9 3) ae ty orem a eat On5 O 
¥437..|-10.7 | 12.10 | --12,—28,--13,-- 2 | 15-75 | (— 74° 7)--2-5---- +0.35 
PASO (eTOe ze T3cOfel —205-- TO. TO; cca, £22805 |(— 115 LO) sitar +0.75 
PACT TOL5 a | TO! 7 EOprie Os eee ay eicos OMOKL@ don HolleeNsop acc +0.82 
1441a.| 10.6 | 16.98 Op —— SS) ite etre TOSOANIN(— Lina ©) eae erent ORS a: 
1448..| 11.3 | 16.70 DE Hing onageees, |bakiase ia MogneO)aasapccce || Geng 
EAAQ AEDES PeEASTO We — TAS 1S) oct a siousiatc LO57S) | One castcagenss steigie: sree +1.40 
(+ 9,---+) 
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TABLE III 


Co-oRDINATES OF Postscript STARS (1900.0) 


No. R.A. Decl. No. R.A. Decl. 
132 28° 38 28° 
T57O ener: 36™5089 54/58” 290)... 37™20°4 60! 36/7 
Te 6.6 36 55.1 54 30 291d... SY) Paint 52 47 
157¢ 36 55.1 54 40 291b 37 19-4 52 55 
164a AO BGA) 52 58 2QIC. 37 20.8 52 54 
1640 36 52.8 EX Shei 2960. 37 20.8 52) 25 
164¢.. 36 52.0 52037 2960. B75 2020) 52 19 
168a.. 37 ° 57 56 3010. Sap oie 56 29 
TSO 30 577 50 20 3010 37) 220A 56 39 
i770... C7 mnie 50-23 301C. B72 oF, yp A! 
1770. . 27. Ane 5L 0 301d. Bye eons Gp ds 
I790.. Cop nial) 5aueS 3030 272250 52 41 
180d. . B77 50n2 45 52 305d. 372320 49 9 
180)... 36 58.8 Asns2 3074 B22 0 50 4 
181d... 37 “2x3 54 26 3070. Cp igh I 50 O 
181d... a7 Ony, 55 26 308d. S724 51 38 
TSica. 36 59.2 iy, Bay/ 308). 37 20.8 rb Fe 
188a.. 37720 49 18 3100. Bhi Be Gf 51 58 
188). . EVP Pinas 49 38 311a By) Beas 50 27 
188¢.. Sup (ae 5° 35 311d yp WAG) 50 32 
188d.. 37 8.0 50 29 3200 Bo Beat 47 31 
Ig0d.. BQ GoD 54 49 320b Zhi) PAG, 47 24 
193d.. Se Sie 59 52 3220. a7 22.7 5I 51 
205a.. 37 10.0 55 10 32064. 8752225 5A r2 
206a.. B27 OnO: So, Se 326D. 3722 28 54 19 
2080... Bye Oy, Aq, 25 326¢ B72 20 54 28 
2100.. 37) LOnO 53 58 3320. Bi Poa) 56 4 
210b 37, 10.0 Grim iss 3320. S723 n2 55 44 
2110 27 eLOnG 52028 3360 37) 2320 5I 16 
211d 27 5LLe0 ue 345a. 37 24.1 50 55 
2120 37 12.4 55 50 348a 37 25.2 53°25 
212b Qi Ley 56 2t 3504 oH, Oo!) 54 44 
QT dae 27) LOO 52 49 355a 27 25/0 52 ee 
2300. . Byebers 60 52 3600. Bye 25es 52 54 
2300.. ip tise (6) Ole =i 3600. Simoes 52 51 
220Gs Silene 61 I5 3606. Bu) DIS eR 52 44 
238a.. ay as 5 SemS5 360d. Bay Pas 52 56 
238)... Sy why 52 55 3640. 3725-7 53 14 
2470. . 37 P74 5337 3760. 37 20.4 53 20 
2494.. 37° 15)-4 55 27 3784. 37 27.6 49 19 
249b. . Sy tao, 55 14 3794 37 27.0 51 18 
PEO ns 37 16.0 49 30 379C. Ee hss 51 10 
PS. 37 16.8 51 10 3800. B20 aE 53 33 
2530.. 37.15.3 55 52 380b S725 53 41 
255 ae Rjelonw 56 55 381a By PHD 53 58 
258a 37 18.4 54 48 3810. 37 27.4 53 59 
260a Zp “ithe ls SO Bs 3854. 37 26.9 5I 44 
2614 37 18.4 48 12 385). BG Pa 5I 54 
262a By ite 5Onne 386d... Bo AO 6 
2814 = 49 5 
oreo Sp Poe 9) 56 8 257 0c 37-2723 

Be 54. 9 
00a... Cop ORS 60 21 304a... 37 20.9 Sie 
a ea ce |e 


IIo 
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TABLE I1I—Continued 
No. R.A. Decl. | No. R.A. Decl. 
a4 28° ro 28° 

306a....| 37™2786 eer Us 6400... 373 288 49’ 56” 
S074... . 37 27.8 52 53 640)... 37 32.4 49 49 
403d.... 3782754 52 38 640¢... 37 33-2 49 52 
403D.... 37 27.2 52 37 640d... 37 33-3 49 47 
4036... 37 27.9 52 43 640¢e... 37 33.6 49 41 
403d.... BOF. 2 52 20 640f... 37 32.4 50 6 
AOZe.. .. PY AS 52) 30 649... CY) Be 48 34 
4037. <3: ieee 52 33 649)... 373225 48 34 
4038.... S7827-9 52 34 649¢... B71 .36a7 49 4 
ALLE. « 37 28.532 48 19 665a... B7Esous 50 48 
ALTE. 37 28.0 ‘So. TS 680a... 37 33.0 54 24 
ERD Seca OY iy 2 20 680)... B7na2ns BAe ay, 
a are By 27 a5 5252 680c... SWE BGO 54 30 
2 ys 37 26.8 52 10 7000... Bi Bats 50 29 
418a.... 37 28.4 Ses TOLGe re SP GR09) Sous2 
4IQG.... 37 28.5 55.3 VOTO. 3. B783te3 57 59 
A226 = 37 28.8 isi fe) FOL Gr B7 gto 57 50 
425a.... F220 53 54 7oid... 37 30.7 57 49 
452d.... 37 27.8 54 15 713@... SY Silo 43 46 
zy a ae cy Me pate: 54 26 7300... yp Mh 51 16 
AuOC ee 37 29.2 5I 14 Nie ogerr A) BBL 57 30 
455¢@.... $728.8, |) “8827 7390... 37435-0 57 63 
467a.... 37 30.6 55 18 7400... 37 35-4 49 34 
AOTE 5s 37 30.5 55 22 7400... 37 35.0 49 35 
471a.... 37 29.4 49 34 7584... 37 34-3 51 10 
480a.... S76 20.5 56 22 759a... B7 Edad Ser Gi 
480).... 37 30.0 56 46 801d... STEaSO Git aint 
OE eo. 37 30.2 mee 801)... Be Bist 5I 24 
OZ eee 37 30.9 fea at SOLG a oF AOE ie Xo) 
499d.... ye 2725 55 59 8370... 37 360.5 56 49 ° 
4990.... Oy Oi 56 I0 8450... 73 Oe wee 
499¢.... 37 24.9 56 19 8850... 37 35-5 5I 4 
490d.... 37 24.8 56 4 good... 37 30.8 50 32 
AQQG ee a 37 24.9 56 2 good... A WG.® 50 26 
AGGhicee S725 or 56 4 902d... 37 36.0 55 16 
499g...- 37 24.4 56 8 go2b... EME err) 55 12 
499h.... B72A.S 56 8 9250... B73 Ons: 50 6 
SO2T 37 2065 50 40 0250208 eh BMG at 49 59 
513d- 3730.2 6G 925¢... 37 36.8 49 54 
FETE be aeons payee g25d..- 37 360.6 SOmax 
Slee Be 37 30.2 55 40 O25ea00 Bp Bysiae Soy 
522625 3730.9 55 44 926a... 37 30.8 SH 
550@.... Boos 54 39 9450... 37 37.6 51 20 
VEU oee EY, Bee 56 8 9450... 37 38.1 51 1s 
590G.... 37 32.0 56 29 Q74a..- 37 35-1 45 a 
O50 a2 £0) BOS} 60 Io I000d. . Bee Bupa rig 2) 
OOS Ga. 2 B7aS 280 50 36 1022d.. BG) BSB 50 55 
609a.... 37) 32.0 56 51 1028d.. 37 38.4 ee 
6090.... SB 2n5 ie MS 1028). . OT Bip cts Soa. 
(CPR e ee 27 34.2 56 4 1028¢.. B7as ed, iy 
Goal ae roe 37) 33.0 56 5 1076a.. BG One 51 14 
O2td es 37324: 55 58 Iogod.. 27305 54 45 
G20dne Ly BAB 51 22 1090b. 37 40.0 54 54 
ne ee NE a es | ee 


HARLOW SHAPLEY AND HELEN N. DAVIS 


TABLE I11—Continued 


28 
No R.A. 
132 

IOQOC... SO ne 
TL 20C ee 37 40.8 
23 Ciers Bas OT 
en 0.6 Bea Ont 
Dabo Grae Bye sony 
TWO, Gc 37 40.9 
TERN os 3723000) 
E200 er 37 41.2 
TEAS 1 37 42.6 
TEAK 6 27EaO as 
es 0 ere B7nG On 
II4od... 27 BORO 
1140)... 37 39-8 
TTAOC..... 3743-4 
140d... 37 44.9 
EEAQG | es ATO 
149d... 37 40.6 
Tit d OG aware 37 41.8 
TWO 3 By eAe2 
II4ge... B67 eAlaE 
T140f... 37 43-7 
I149g... 37 43-5 
II54d... 37 41.4 
TNO 3 37 41.0 
WIAD. ¢ Age Hae oat 
Tal 72 Cee 37 41.0 
TREY oc 27 Ate 
T178a... 374007 
ini ypsl Dean 6 37 42.8 
TUTOR’ 0 6 By MOG 
THE. 5 3 37 41.8 
IISI@... Bp COS 
r181b... 37 42.7 
2 ORC ae Br eAT aA 
T2010 er 374 EeO 
TZOnCeee 27 eALea 
TALC 3 7 « 37 4L.1 
D205 Cee 37 43-3 
I206a... 37 42.8 
1206)... By) jae) 
1206¢... By aes 
r218a... By Ages 
1218)... By Anne 
UPORT. o < BmAaaS 
52220 37 43.9 
I222¢ 3 37 44.0 
t 2230 37 43-0 
12230 Eee 37 44.0 
MAT Ds 37 44.3 
WED. ac 37 43.9 
I225¢c. ° 37 43.7 
TZ 27a. 37 43.8 
12270 37 44.1 


Decl: No R.A. 
28° righ 
RA Om 12276 374282 
in *Xe) 1227d Cpe 7h 
50 38 1236a 37 43.6 
5° 32 12420 37 44-4 
50 36 12430 37 46.3 
54° 7 12440 37 44.6 
56 10 12474 37 45-5 
55 58 1247) 37 45-2 
56 21 12504 37 44.0 
56 50 12540 37 44-3 
56 44 12614 37 45.9 
57 15 1205a 37 43.8 
57 2 12656 37 43-1 
iif 1265¢. By) BAG 
56 48 1265d. 37 43.0 
54 20 1205¢e. 37 45.8 
54 19 1265f. 37 45-3 
54 24 12658 37 45.8 
54 28 12700 37 45.8 
54 20 12700 37 460.7 
54 16 12714 37 46.3 
54 19 1278a 37 45.8 
54 59 12804 37 45-5 
5533 1280) 27 ASAT: 
55 29 1283a 37 46.7 
55 34 12854 37 47-8 
5° 37 12856 37 47.8 
48 4 1287a 37 46.6 
48 20 12894 37 46.2 
47 48 12904 37 47-4 
47 40 1290b 37 47.0 
55 28 I292a 37 46.6 
55 31 1292b 37 46.7 
49 35 12936 37 48.0 
49 34 12936 37 48.4 
49 38 12940 37 47.4 
49 39 1294) 37 46.9 
SI 24 12946 Ree vio 
53 36 12964 37 46.2 
53 43 1296) 37 47-2 
53 46 1296¢ 37 47-4 
si it 1299a 37 48.1 
51 18 13034 37 48.1 
53 50 1304a 37 48.2 
53 52 1304) 37 47-5 
53 59 1304¢. 37 48.0 
57 40 1304d. 37 48.4 
57 52 1307a 37 47.0 
53 18 13094 37 48.8 
53 22 13130 37 48.4 
Byex 9) I315¢a 37 48.9 
49 16 I1318a 37 48.9 
49 20 I319a 37 49.0 


II2 
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OK PKHKDAKHUKAAOO OR WOUNWAUROOWO 


Decl. No. RA 
28° 132 
59 31” 13724 375983 
57 33 13726 38 1.2 
OH By 13734 37 58.4 
58 0 13764 Be See) 
58 15 1376b 37 54.0 
53 23 13804 30 ies 
§3 31 1383¢ 37 50.8 
43 42 13864 38 0.8 
52 16 1388a RommOns 
48 I9 I391a Ome 
47 49 1391) 38 2.0 
48 13 13020 ey nae 
42 57 1393a Rio ed 
43 29 13930 38 3.1 
54 52 13936 38 3.4 
54 34 1393d 38 1.9 
61 45 1396a 38 4.2 
62 20 1396) 38 2.8 
56 35 13974 38 4.9 
Sek a 14034 Som 5 a2 
44 36 1405a 38 6.4 
Somee 14084 Bourn? 
5257 14120 38 13.1 
Ro2T 14120 38 9.2 
53 29 I417a Ges) Gad 
SAE 1422b 38 12.6 
me & 1422¢ 38 13.6 
51 59 14200 38 13.0 
56 12 I441a ys) Pht’ 


Th 
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TABLE IV 
PHOTOGRAPHIC RESIDUALS 


PrLaTeE NUMBER 
2463 2506 3679 3680 3846 3847 All 
Number of 
Magnitudes..... 466 465 186 188 332 332 1969 
Systematic 
Deviation....... 0.00 | +0.02 | —0.05 0.00 | —0.03 | +0.03 0.00 
Average 
Deviation....... +0,08 | 0.08 | +o.11 | £0.07 | 0.06 | +0.06 | +0.075 
TABLE V 
< 
PHOTO-VISUAL RESIDUALS 
PLATE NUMBER 
2371 2462 2505 3684 3774 3775 All 
Number of 
Magnitudes..... 64 80 85 390 661 661 1569 
Systematic 
Deviation....... —o.o1 | —o.o1r | +0.01 0.00 | —o.02 | +0.02 0.00 
Average 
Deviation....... 0.07 | 0.05 | +0.06 | +0.07 | £0.067|/+0.067 | =0.066 
TABLE VI 
COMPARISON STARS 
DESIGNATION PHOTOGRAPHIC MAGNITUDE 
; CoLor-INDEX 
Bailey Von Zeipel Harvard Mt. Wilson 

rica ach tars 740 : 13.50 14.04 +o0.70 
ani eter rorteike 238 Base I4.05 aR sie) 
Citote etna ceteta 640 13.98 14.57 +1.18 
Ul econ nine aie 263 14.22 14.53 +1.12 
Cn cetoicistascare ate 250 14.50 14.81 +o0.90 
his Soom cm cea 218 14.98 15.06 +0.53 
g. a iahadaiaiacs Searels 227 15.28 D522 +0.65 
WES ae aetleten: 258 15.70 USe53 —0.02 
Rein rece 609 16.00 15.63 —0.04 
Usk gmaven eit TI31 16.23 15.83 FE ORRe 
YS ERO ONES 1055 16.49 15.94 +o.69 
WU een assets OREN 1327 16.82 16.16 +0.68 
Osetepecert at ee 13726 17.15 16.37 —Os05, 
Dievicwsccrnre arte 13470 17.63 16.84 +0.41 
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TABLE VII 
Cotor-Criass AND DISTANCE 


DISTANCE 


Des tOL.s 


TABULATED 
QUANTITY 


No. Stats. ... 
va geh Orel pean 
Av. Pv. mag. 


INOcStarsa..). 
dB ie 
7. Pv. mag. 


SRE LELES Senses 
eC Ese 
7. Pv. mag. 


. SEATS. ay. 
SUCH hae 


AC Longe: 


. Pv. mag. 


{iv Go 


Arges ee a3 
Av. Pv. mag. 


Coror-CLass 


ui g 
2 4 
+0.53 |+1.00 
Tete lel auelatats: 
4 9 
+0.68 |-+0.98 
16.05 | 14.86 
5 3 
+0.67 |+0.93 
TS ROS IES mS 
9 10 
+0.68 |-+0.93 
Lay AO) |) tise 
9 8 
+0.66 |+0.88 
15-77 | 15.37 
It 5 
+0.64 |+0.92 
15.87 | 14.93 
16 13 
+0.65 |+0.89 
TO208) 517 
9 5 
Ons Om a OO 
15.96 | 14.96 
II 6 
+0.64 |+0.93 
16.08 | 14.68 
14 6 
+o.61 |+0.94 
16.03 | 15.00 
ste) 3 
+0.65 |+0.97 
TO h2) | 4. 24) 
3 4 
+0.65 |+0.94 
15.50 | 14.78 
6 8 
aperOyt lapiksers 
D500 ued ay O 


eu 
ALL 
CoLors 
k m 
fa) ° 7 
sen | ea de +0.74 
sii eles aval Ren tog 14.55 
2 ° 21 
=i 20" |e +0.69 
Le A00 | eae eee 15.20 
° ° I4 
ifokeroe nt |soeste date +0.49 
Rderne sal creer. A at Wis 
I ° 22 
PO No eco € Onn 
TeSsO| | emer ee 15.38 
2 ° 24 
=e 300k Brace +0.67 
LOOM ewer ter Sms 
2 it 22 
STi 2OM =e OO. | Owns 
TAO | Gee || els os) 
i) ©) Sl 
Ne he ch eae +0.62 
Se sarees I5.80 
° ° 21 
Baa Me A kena ee SR i -Ons0 
PRB OAS Seen Taye: 
° ° 18 
et ee nats. +0.72 
Be werealllerAerseae 15.66 
° ° 24 
Ae vol eeaete tans +o0.60 
Sea ci nocacsee ey 
fo) i 1) 18 
Pree PAE lore ee CRG SOmse 
LAA Oe ae 15.66 
° ° 9 
Darts ato lence are +0.67 
iy ROP leaicRere T5er5 
I ° 7) 
oh a Soulless +o, 81 
iEEE NOPE Nese ee 15.12 
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TABLE VII—Continued 
Cotor-CLass 
DISTANCE Been eee 
, b a f 8 k m 
No. stars....} I I 13 4 2 ° 21 
2 8 ase Av. C.1.....|—0.04 |-+o.or |-+o.65 |--0.95 |-+-1.29 |....... +0.71 
Av. Py. magal 05.53 [e500 |e Dy O5m |e 42 slmekGr ba eee ipa t 
No. stars fo) 4 8 3 I Io 16 
PAN ences iA’: Cop leeene. ee +o.21 |+0.62 |+0.90 |-+1.21 |....... +o.60 
Penida ye, SEN Aa os ces carter LO sLOR SLO SET s|rA OO |r Sins 7 ae 15.74 
No. stars.. fo) 3 I5 5 Ze A a one tes 25 
Bic Onsen SAW. (Celie ava | Newrae +0.15 |+0.60 |+0.95 |+1.26 ]....... +0.67 
AW ey EV.01008 Den | ener neat TORT AmiRLOSA Onl eiAmh 2a ens rOOn | eee: 15.78 
No. stars. . ° 2 i 2 ° ° it 
Eg Ts Ae, (Arya Cos iegees 5 enreererere “9 £18 lo 5597 |= sOO re ee everenrees +0.58 
AVE Vana eal reteset: BUCY Me cote hal aa tn CLO Benen ola ke cue 15.63 
No. stars. ° 3 6 3 fe) ° Te 
LAA earth fe ANG. Tate nals eae 21-6529) 110363" |= HOsS5 tl eniaee leans +0.60 
IAS = Pra Ol erator cies fiwets Mplayer in eiiney el A actos can tc TS.273 
No. stars. ° ° 6 I ° ° 7 
B13 meer Arve Cx ell eeeesterr | eee aaet as +6 2645|--OsS4al senate irene +0.66 
JeN 75d RAG MIEN care aale Gans o6 T5270) |LA AO" | reterereete | acter 15.59 
No. stars ° 2 14 I ° ° sy) 
2 Aare ee AN Celene yale ate +622) |-Fo.56 |-Fos84 ioe. ss caileas ee - +0.54 
Fee PAWS TENG ao.cia-c ESOS SO 4a Bh 240 | mee arenes eens 15.81 
No. stars. . I 3 ii 4 ° ° I5 
Ae Sears i Av. C. Lona. li —Os18 |4-Ont5al=[-0. GON On SAa en eee | eee +o0.52 
; AV. Pyema'e || 9x67 42. ||| 300m |i sie 7 Ome Tis eotan | eens | 15.68 
20 
and No. stars. . 2 2 8 I ° ° 13 
SG Abiscachcne Av. C. Los 3.|=0.34 |=1-07301|-|-0- 025 |< On@ 3m nent sae +0.46 
’ AV PY ea S| 05 Oo Wie Om GAN leans 7c Ie | ee ee E5275 
Brae 
and No. stars ° I 12 3 I ° 7 
SOL eee AAC Sean erent +0.36 |-+o0.61 |-+-0.84 |+1.36 |....... +0.68 
. AVAe PN ini ca eee ESe AO SES OU |e nos4Onleu ze Ayn | emer 15.64 
4/0 
and No. stars. . 2 vi 16 4 ° ° 29 
BCT ae. Av, C.1.0... -|—0.06 .|--0520)|--o.544\-- 1102) |e | eee +o.51 
. AvPVvnmMags|/ 5/73 |) 1030) | rOus rll Nn 3/0 Tl ates 15.95 
412 
and No. stars... I 4 5 ° ° ° Io 
OR Ne ne FW Oral Bele tenoy | eo ey || Mo elove) [ly ans 5 Gy cllaasoacalecomace +0.43 
; AN Ryn Mag)" *E 5254 || a Olona | | TOW2 
414 
and Nosstatse..2)) 4 9 5 ° I 20 
Ai Sires: ENV Celera =0/05) 1-02.28" 0 5540-0102 || eee +1.79 |+0.61 
Av. Py. mag.| 16.02 | 16.52 | T5280.| 14,73 |... 7.0. T2RASH |S 52 
ee 
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TABLE VII—Continued 
Tan Coror-CLAss 
ABULATED 
DIsTANCE Quaxnry B aa 
a a 8 k 
416 e 
and Nor Stars n6 2 ste) 2 ° ° I4 
Ney Oe ooh Ait Coe erapreraliy tees et ROC) | OUONS WSOHOM |ea sees dlesoor sc +0.57 
. AVS RV NB Pos cen DS TOS SOON persia Sim ieee ae | eee 15.61 
At 
and No. stars ° 2 4 2 ° ° 8 
Ane Sera: 13 a Ot ono le, = “{-On22 [20S OM |ot= 1 OOm [ener eeene | ener +0.62 
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COLORS AND MAGNITUDES IN STELLAR CLUSTERS 35 
TABLE VIII 
FREQUENCY OF PHOTO-vISUAL MAGNITUDES FoR Eacr Cotor-CLAss 
DISTANCE FROM CENTER 1/3 TO 1/9 
Limits of Photo- Zs bs to | ao to | as to} foto |} fs to | goto] gs to | ko to She All 
visual Magnitude ao a5 #| fo ts go g5 ko ks Colors 
MARCOS PO errs cc ne ecalier cnsall s Sarorall eoracaoei| RBs cca aie eral orton ean ; I I 2 
SO COU te rice ire rctesaoa | charles iallianc Gospel eel teach cee I Fal geet | ge 3 
SOO SHE Ors Peel tee Mince scape is, oilfore See araasee | eer nvc atl eee a ence 5 a hoes sr, I 
AGS oleate Ueacar ais cicuns feeatee olicran mre eostotanll tavern all casted fice eae TA ae I 
Oe Stale ete coef oka a feds | crs MLS aunt olla yers vaca ore ne sone les av estavel| Stace: oe ee eee | teres | eer ne 
WO 7 Ole Sere ee eee lie cars ore Ae one eae oll Shen cal Be Alton ee 73a Reged ea OF a, be 8 2 
CORO ate cl Creeceele rear cea | orcc cn ctell teeearilkcda. Seal areca ceed hey Ne, ceca Suny c I 
RY S18 (ose 40 pares see Io AC Ree Me teagan dae at eee | eee gr ge Cr Dolan I 
IGEN usriog ny if ata aNa’ ail cts Perr wiv tata elltere ls eats. © Syui|iare os ameilleonaeeeaf teas teen ener a|| eure So ae 
ACE Roce So aes ec eil cy aos x eee fed ore Fr Wea eed Seca al Pose te 3 
Ce AO Ae me Peer anal sterneiet cretet el etna aledeciers 2 TO Saeed all eee | eases 3 
BOC SOO eee ee el cee Stell eres |e ees I By Wak eel cet n tet tee neue ee 3 
TAG CSET GS 5 Paice (a ries ted Searles Meat ees cee I 2 e3 TT aI eevee ee ree 7 
WEEE en eae I Teele aoe 3 I 5 T alte ave cee eee 12 
AO—. 504. I 4 2 I 3 4 ni baer Leycaciche 16 
MO a7Oee ee alte coc 7 3 Bao eo 4 RS Way a tases | ere reed cree I2 
SAGO eae eee tat lees tied | See ee Aaah, erie 2 IWIN Gy, Sreweit ere ceva | eee 3 
EUCOO— CEG? ae e's sare Em erckese EP aL Sens erialveyecneee Dee sy Sees hatte Reeeemees 4 
AD A enn Fea FA REG eines eared ere cee aes ey eee I 2 a Se eeuetes cresyl heel 4 
4Om a5 0 ieee ieee Ty ote ie rails ees | eee 2 iid Weta erent cd Pee ens 4 
CORO cette ote oles bt [eae yee ome oie Reena P| lency Blea hg odetl log ead Ieewinre 3 
BO OOs easel tes eects einer I I Pa leach Pollo eed toe cal eancete 3 
Potal.s <s..4 ° 6 8 6 7 22 26 8 4 re |) teks) 
DISTANCE FROM CENTER 2/0 TO 2/9 
CEP O=E et peas Reel (ocho Sonera! carey Riseraa) era ts|(< acne econ Serer I I 
7 la eae (0 Yee ee Ka Seen Pes eel (ever eed [recor ee esa | aeteictc |G ccs al legs oss ed Grier cael read 
Oe Pre ro Meck ants fab a eof foerscail ecm iocctailif oh eraxn {ives opatel Megep secon ototenae | eeear cee heen tell caleteregt 
SOO ROO cee ceils al sealer lerers cisi[tecs anntadlls o-cterullls Stone ematenetalflens. ore el een I 
HepwOC— tae ate mal ace ebee [eraser al siete self eg cests [lz seat © meceecll emenere 3 i Mes Boi 5 
FOC SOE ge carers, rail es otavey feuds fe aai [store esi|keleversoo he tapetene | eeaeeters I pl lees 8 5 2 
ACs SO Sete e yon nS | eee aise cc ace o! sicnll ve, sree lle eeeene aero levateaet™ ct dtoehate I 
BOO Oss Seat [eared eee all | cate sas allt usigl Sola = eee te lf eronene [remorse eves suave | ea eal rashes 
OO AOC sree tate wal eels kel feye.- ciel ie e-stel| ora orelPeRenee 2 Pi eset ae 4 
EA OO Ose al Me eects estes, el | Metrge el sa f2,67| ego e ee oko eee 4 Teer 5 
2B Farreer. Wl taistnrell sreere tell statitrellivexs es | «(cee eucenensrek 3 len aul oe. 6 
ASS hoe tar Bates feral" ie yecy | eterere rll fore meal |e airerehs 6 TEA Bg eros | aeeeees [tes ota 7 
OC Osean eaenare ta a.s'| ou heaPa| totes sveilha,stsoeis| = caenee 3 6 TG leeches Peal inde ec 10 
Ream 100 et at ogel esee TE Cnc ELTA (OED OA Rone) eee OC | nO cho] laconic i ed cereal econ I 
PROCS eL OS for Maree stiles I TEN bored os 2 4 PF hs Been Gace 13 
Hore POP acictel bee ere lOc oh irae 5 3 Ui Lis liens eeasll mee oe 18 
AOU Oe ates li otalete 2 i; I 2 5 feel ey aS ee, 2 |e IQ 
C= Wishaw tnnecoce 2 3 I I 9 4 Paso obllabo.5 21 
SOOO sera areaa I Celerra I 7 Bal aecete | irerestel ertes ts 17 
LO, O0="10.045 - 6 sl Boer 5) | eee ds 2 5 7 Mire ener ncaa 13 
ZO SO cree tere ie taers STN |p eros) cence I Gf eeasi eevee ateil| syste. sllGantres 7 
AOS scge eral sioro ya |syziaietsi| eves 6 Zz 6 xl Met tay trl te RA LR CRRES eee 22 
OG 7.0 creat tenses | erences I 2 5 GP Meh he ol fe eee ee bce ocho eco I5 
BO-1OG. telson eee 3 Gets Whe; ch cll eho cea see Pe Cece 15 
Motal press. I 7a 20) TONMESSEle TOON sSe|) xO 6 I | 203 


36 HARLOW SHAPLEY AND HELEN N. DAVIS 


TABLE VIII—Continued 
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COLORS AND MAGNITUDES IN STELLAR CLUSTERS Kyi 
TABLE VIlII—Continued 
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COLORS AND MAGNITUDES IN STELLAR CLUSTERS 


THE CoLor oF GIANT STARS 


TABLE X 


Interval of Photo-visual 


Magnitude 
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Mount WItson OBSERVATORY 
October 1919 


Number of Stars 
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16 
16 
32 
790 
173 
133 
147 
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Average 
Color-Index 


.43 
.18 
.06 
-94 
-74 
ng2 
-54 
.50 
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Contributions from the Mount Wilson Observatory, No. 177 
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BRIGHT NEBULAE AND STAR CLUSTERS IN 
SAGITTARIUS AND SCUTUM 


PHOTOGRAPHED WITH THE 60-INCH REFLECTOR? 
By JOHN C. DUNCAN 
ABSTRACT 


Photographs obtained with the 60-inch reflector are reproduced in five plates. 
They include the following interesting objects: 
In Sagittarius: Nebula N.G.C. 6523 (Messier 8); 
Star Cluster N.G.C. 6530 (Messier 8); 
Globular Star Cluster N.G.C. 6656 (Messier 22). 
In Scutum: Star Cluster and Nebula N.G.C. 6611 (Messier 16); 
Swan Nebula N.G.C. 6618 (Messier 17). 
The author refers to previous observations regarding these objects, calls attention 
to interesting details and identifies some of the brighter stars. 
On Plate VII, showing the globular cluster Messier 22, there are about 75,000 
stars, of which Shapley estimates that one-third are cluster stars. 
Dark markings are clearly evident in the photographs of the nebulae N.G.C. 6523, 
6611, and 6618. : f 
Spectrum of nebula N.G.C. 6611 (Messier 16).—A spectrogram obtained by 
Slipher shows the nebulium lines weaker than the hydrogen series, and indicates 
that the nebula has a small radial velocity. 
Star Cérdoba No.12431. The right ascension of this star seems to be incorrectly 
given in the Cérdoba Observatory Catalogue. 


Long-exposure photographs of nebulae and clusters made with 
the 60-inch reflector have been confined chiefly to objects north of 
the equator because of the better seeing at the high altitudes which 
they attain. It was the writer’s privilege, during the summers of 
1918 and 1919, to use this instrument on a number of nights, and 
the opportunity was utilized for photographing some of the more 
interesting of the objects that lie farther south. The four objects 
that form the subject of this article lie within a few degrees of 
each other in the rich region south of the bright star-cloud of 
Scutum Sobieskii, a region that includes also the Trifid nebula. 

The photographs were made at the 25-foot focus of the 60- 
inch mirror, which was used at its full aperture. The plates were 
backed with a burnt-sienna mixture to prevent halation. 


t Astrophysical Journal, 51, 4. 
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Plate III.—The chaotic nebula N.G.C. 6523 and the star 
cluster N.G.C. 6530 (Messier 8), in Sagittarius. Center of plate 
(1900.0), a=17'57™9,d6=—24°21'. 1919, June 27. Exposure three 
hours. Seed 23 plate. Seeing very good. In preparing the positive 
for reproduction, the brightest part of the nebula was given a 
longer exposure than the remainder of the plate in order to bring 
out the detail. 

The object known as Messier 8 is a bright open cluster 
(N.G.C. 6530) combined with a bright nebula (N.G.C. 6523), the 
combination being visible to the unaided eye as a hazy condensa- 
tion in the Milky Way, not far from u Sagittarii. It is a little more 
than one degree south of the Trifid nebula, which the nebula of 
Messier 8 much resembles. Messier’s description’ is concerned 
chiefly with the cluster, his only reference to the nebula being the 
remark that near the cluster is a bright star (9 Sagittarii) that is 
“surrounded by a very feeble light”; but modern instruments 
show that the nebula is one of the brightest and most extraordinary 
in the sky. Barnard? says of it that, “though seldom mentioned, 
it is far more remarkable than the celebrated Trifid.” Sir John 
Herschel’ gives a description and an elaborate drawing, and elo- 
quent descriptions are also given in the catalogues of celestial 
objects of Smyth and Webb. Barnard has described the nebula in 
considerable detail, and published photographs’ of it made with 
the Willard lens. The only large-scale photograph that, to my 
knowledge, has appeared in any astronomical publication is the 
fine Crossley photograph® made by Keeler in 1899, although excel- 
lent plates have been obtained by Ritchey and Pease at Williams 
Bay, by Lampland at Flagstaff, and doubtless by others. Keeler? 
describes the spectrum as consisting of three bright lines. Lamp- 
land® has detected in the nebula eighteen variable stars. 

The position given by Dreyer for N.G.C. 6523 is that of the 
brightest part of the nebula, at the left of the center of Plate III. 


* Quoted by Flammarion, L’Astronomie, 32, 26, 1918. 

2 Astronomy and Astrophysics, 13, 792, 1894. 

3 Cape Observations, 1847, p. 116 and Plate I. 

4 Loc. cit. and Astronomische Nachrichten, 130, 234, 1892. 

5 Publications of the Lick Observatory, 11, 1913, Plates 51 and 52. 

6 [bid.,8, 1908, Plates56. 7Ibid., 3, 205, 1904. 8Popular Astronomy, 26, 32,1919: 
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PLATE III 


Messier 8, ConsISTING oF THE NEBULA N.G.C. 6523 AND THE STAR CLUSTER N.G.C. 6530 


Scale: rmm=16"8 inlargement 1.64 
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The center of the bright cluster appears on the right side of the 
plate, about ro* farther west than Dreyer’s position for N.G.C. 
6530. Perhaps the most striking feature of the photograph is the 
dark rift that cleaves the nebula from northwest to southeast, 
passing between the clustér and the brightest part of the nebula. 
This rift is not perfectly dark, but contains certain bright filaments 
that recall the nebula about Merope in the Pleiades. This filamen- 
tous structure occurs also on the left side of the plate, east of the 
bright star 7 Sagittarii. Besides the great rift, there are many 
smaller, irregular, sharply defined dark markings in all parts of the 
nebula, resembling the dark regions of the neighboring Milky Way 
which are interpreted by Barnard as due to obscuring matter. Some 
of these small dark markings occur in the very brightest part of the 
nebula; these, however, are not so dark as those in the fainter 
portions and would not be easily seen in the reproduction had 
not this part of the plate been given a longer exposure than the 
remainder in making the positive. Possibly the absorbing material 
is not perfectly opaque, but allows some light from the brightest 
nebulosity to pass through. The abrupt edge of the faint nebulosity 
on the north and south sides of the nebula may perhaps also be 
due to obscuring masses. The dark spots in Messier 8 suggested 
to Miss Clerke the name of “‘Lagoon”’;' but she seems to have found 
the name unsatisfactory, as it does not appear in the second edition 
of her book. Professor Ritchey applies the term ‘‘chaotic”’ to 
nebulae of this class. 

Two of the dark spots shown in Plate III are listed in Professor 
Barnard’s “‘Catalogue of 182 Dark Markings in the Sky.’? No. 
88 of that catalogue is 38 mm from the right edge and 39 mm from 
the bottom, and No. 89 is 13 mm from the right and 53 mm from the 
top, near the bright star Cérdoba 12446—not very well brought 
out in the engraving, though easily seen on the original plate. South 
of the stars Cordoba 12431 and 12437 and extending eastward 
almost to 12446 is a remarkable irregular bright line of nebulosity 
which suggests a thin fold turned edgewise to the observer. About 
3’ west and 1’ south of Cérdoba 12431 is a shorter, brighter line of 


t The System of the Stars, first edition (1890), p. 284. 
2 Astrophysical Journal, 49, 16, 1919. 
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the same nature. In the upper right corner of the plate, about 7’ 
south of Cérdoba 12446, is a fainter line of the same general 
appearance. The appearance of slightly brighter nebulosity just 
below Cordoba 12466 is due to halation. 

The positions and magnitudes of bright stars given in the 
following table were taken from the Catdlogo de 15,975 Estrellas 
of the Cordoba Observatory.t The right ascension of No. 12431 
as given in that catalogue seems to be in error, as the only star 
near its place and comparable with it in brightness appears on the 
photograph with about 2° less right ascension. It is stated in the 
notes at the end of the Cérdoba publication that the position of 
this star rests on a single observation. 
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The following defects in Plate III might prove deceptive: 
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Plate IV.—The nebula and star cluster N.G.C. 6611 (Messier 
16), in Scutum Sobieskii. Center of plate (1900.0), a=18'r3™1, 
6=—13°51’. 1919, August 25-26. Exposure 205 minutes. Seed 30 
plate. Thick sky and poor seeing. 

This object was discovered by Messier in 1764.2 In the cata- 
logues of Herschel, Webb, Smyth, and Dreyer it is described simply 

* Resultados del Observatorio Nacional Argentino en Cordoba, 22, IQI3. 

* Captain W. H. Smyth, A Cycle of Celestial Objects, 2, 415, 1844. 
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THe NEBULA AND STAR CriusteR N.G.C. 6611=M 16 


Scale: 1mm=14"4 Enlargement 1.85 
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as a star cluster, no mention being made of the nebula, though 
Messier says" the stars are ‘‘mixed with a feeble light.’ The 
nebula was detected photographically by Barnard? in 1895 and 
Roberts’ in 1897. Though Messier seems to have been the only 
early observer to perceiverthe nebula visually, it is no more difficult 
than the nebula in the Pleiades, and I have seen it easily with the 
12-inch refractor of the Whitin Observatory. 
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The large gap in the north side of the nebula led Barnard‘ to 
compare it to the nebula in Orion. The most interesting feature, 
however, as disclosed by the present photograph, is the system of 
sharply defined dark markings of which the most conspicuous is 
on the southeast side, extending inward beyond the center. This 
marking so resembles the result of irregular flow of developer that, 
when it appeared on an earlier negative, its reality was questioned 
until it was fully verified by the present plate. The nebulosity in 
a thin line lying along the northern rim of the great dark marking 
is brighter than elsewhere. 


tC, Flammarion, L’Astronomie, 32, 239, 1918. 
2 Publications of the Lick Observatory, 11, 1913, Plate 57. 
3 Celestial Photographs, 2,151,1899. 4 Astronomische Nachrichten, 177, 233, 1908. 
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Dr. V. M. Slipher, of the Lowell Observatory, has written me 
that he obtained a spectrogram of this nebula in September, 19109, 
showing a spectrum “similar to that of the Trifid nebula and the 
outer parts of the Orion nebula, in that the nebulium lines N, and 
N, are weaker than the hydrogen series” and that, like the Trifid, 
the nebula has a small radial velocity. 

The magnitudes and positions of bright stars given in the 
table on page 5 were taken from Schonfeld’s Southern Durch- 
musterung. 

Plaies V and VI.—The Swan Nebula, N.G.C. 6618 (Mes- 
sier 17), in Scutum Sobieskii. Center of Plate V (1900.0), 
a=18h15™1, 6=—16°14’. 1919, July 29. Exposure three hours. 
Seed 23 platé: Seeing fair. 

This nebula was discovered by Messier in 1764" and attracted 
considerable attention from observers throughout the last century. 
Drawings of it were made by Sir John Herschel in 1833? and 
1837,3 Lord Rosse in 1854,4 Lassell in 1862,5 Trouvelot and Holden 
in 1875,° and a number of others. It was photographed in 1893 
by Roberts,’ using his 20-inch reflector and giving an exposure of 
two hours, and in 1899 by Keeler? with the 36-inch Crossley 
reflector and an exposure of four hours. Huggins? described the 
spectrum as consisting of a single bright line (Hf or A 5007 ?), 
together with a faint continuous spectrum when the image of the 
brightest part of the nebula was thrown upon the slit. 

Messier perceived only a “‘train of light without stars, 5’ or 6’ 
in extent’”°—evidently the brightest part shown in the photo- 
graphs, lying northwest and southeast. Herschel, in his drawing 
of 1833, shows the bright, curved part extending southward 


* Smyth, A Cycle of Celestial Objects, 2, 416, 1844. 

2 Phil. Trans., 123, 461 and Plate XII, 1833. 

3 Cape Observations, 1847, p. 7 and Plate II. 

4 Observations of Nebulae and Clusters, p. 151 and Plate VI. 
5 Memoirs, R.A.S., 36, 49 and Plates VII and VIII, 1867. 
° Americal Journal of Science (3), 11, 341, 1876. 

7 Celestial Photographs, 1, 101, 1893. 

* Publications of the Lick Observatory, 8, Plate 58, 1908. 

9 Phil. Trans., 156, 385, 1866. 

%° Flammarion, L’Astronomie, 32, 241, 1918. 
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THE Swan NesButa N.G.C. 6618=M 17 


Scale: 1mm=19"5 Enlargement 1.4 
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PLATE VI 


CENTRAL Part OF THE SWAN NEBULA 


Scale: 1mm=7"2 Enlargement 3.8 
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from the west end of Messier’s streak and giving the nebula, in 
Herschel’s mind, the appearance of a capital 2 with the right hook 
exaggerated. This appearance has led to the various names of 
Omega, Horseshoe, and Swan—the last applying more appro- 
priately than the others? perhaps, to the view obtained with a 
moderate-sized telescope. Herschel’s drawing of 1837 shows a 
second curve at the other end of Messier’s streak, which explains 
the description ‘‘2-hooked” in the N.G.C. This is evidently the 
brightest part of the diffuse nebulosity shown near the center and 
eastern edge of Plate V. Holden, in comparing his own obser- 
vations with those of other observers, comes to the conclusion that 
conspicuous motion took place within the nebula between 1833 
and 1875; but a comparison of the photographs shows that no 
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changes on such a large scale occurred between 1893 and 1919, 
and it seems certain that the apparent changes noted by Holden 
were due to inaccuracies in drawing. 

The photograph brings out much faint nebulosity that cannot 
be perceived visually, especially to the east and north of the 
region of Messier. This nebulosity is of a filamentous structure, 
somewhat remotely resembling that of the Network Nebula in 
Cygnus, N.G.C. 6992. Like M8 and M16, this nebula shows a 
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set of dark markings, but they seem of a different kind from those 
of the former nebulae. The most conspicuous is the square- 
cornered, sharply outlined space under the neck of the “swan,” 
which is so devoid of light that its contrast with the bright part of 
the nebula at first gives the impression that it is blacker than the 
surrounding sky. This dark space is closed on the west by nebu- 
losity which, though faint even on the photograph, was seen and 
drawn by Lassell. At the north edge of the faint northern exten- 
sion of the nebula is a dark tree-like structure (almost lost in the 
engraving). Most interesting of all are the dark streaks that cross 
the region of Messier and especially the head and neck of the swan. 
They are well shown in Plate VI. Some of these seem to radiate 
from a point near the base of the swan’s neck. 

The magnitudes and positions of bright stars in the table on 
page 7 were taken from Schonfeld’s Southern Durchmusterung. The 
nebula is S. DM.—16°4820. 

Plate VII.—The globular star cluster N.G.C. 6656 (Messier 22), 
in Sagittarius. Center of plate (1900.0), a= 1843073, 6= — 23°59’. 
1918, August 6. Exposure three hours. Seed 23 plate. Seeing 
good. Part of the guiding for this photograph was by Mr. Hoge. 

This cluster has been known since the early days of the tele- 
scope, and is one of the six “nebulae” in the list drawn up by 
Halley™ (the others were the great nebulae of Andromeda and 
Orion and the star clusters w Centauri, M11 and M13). Smyth 
says,” “Halley ascribes the discovery of this in 1665 to Abraham 
Thle, a German; but it has been thought this name should have 
been Abraham Hill, who was one of the first council of the Royal 
Society, and was wont to dabble with astronomy. Hevelius, how- 
ever, appears to have noticed it previous to 1665 so that neither 
Thle nor Hill can be supported.” 

A photograph made in 1897 has been published by Bailey,3 who 
discovered sixteen variable stars in the cluster. 

Mr. Shapley? places the cluster at a distance of 8300 parsecs 
(or 27,000 light-years) from the sun and 1200 parsecs from the 


* Phil. Trans., 29, 390; abridged edition, 4, 224, 1749. 

* Cycle of Celestial Objects, 1844, p. 422. 

3 Annals of Harvard College Observatory, 38, Plate IX, Fig 2, 1902. 

4 Mt. Wilson Contr., No. 160; Astrophysical Journal, 50, 42, 1919. 
132 


Scale 


PLATE VII 


THE GLOBULAR STAR CLUSTI 
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plane of the galaxy—nearer the galactic plane than any other 
known cluster. Its diameter is at least 30’, so that the light of a 
star at one end of a diameter must require more than two hundred 
and forty years to travel to the other end. On the plate reproduced 
here, Miss Davis has coufited about 75,000 stars, of which Shapley 
estimates that one-third are cluster stars, while the others belong 
to the Milky Way background. The faintest stars on the original 
plate are of about the twentieth magnitude, or, on the basis of 
Shapley’s distance, between absolute magnitudes +5 and +6, 
about like the sun. From counts made on this plate and on others 
of shorter exposure, Shapley finds that the projection of the major 
axis of the cluster lies in position angle 25°, and is parallel to the 
galactic plane. 

Two dark spots appear in the reproduction, one 13 mm from the 
left edge and 32 mm from the top, and the other 57 mm from the 
left and 34 mm from the top. These are defects due to insensitive 
spots in the original plate. 

The following stars were identified in the Cérdoba catalogue 
referred to in the discussion of Plate ITI. 
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I desire to record here my keen appreciation of the kindness of 
Mr. Hale and Mr. Adams in giving me a place among the Mount 
Wilson observers during two summers, and to Mr. Ritchey and 
Mr. Pease for practical suggestions and for allowing me the use of 
the 60-inch reflector on certain nights when that privilege would 
regularly have been theirs. 
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Contributions from the Mount Wilson Observatory, No. 178 
Reprinted from the Astrophysical Journal, Vol. LI, pp. 37-48, 1920 


THE SPECTRUM OF ELECTRICALLY EXPLODED WIRES: 
By J. A. ANDERSON 
ABSTRACT 


High-temperature absorption spectra, such as those given by the sun and some 
stars have not been reproduced fully in the laboratory. The absorption spectra 
obtained with the arc and the electric furnace have been limited to wave-lengths below 
0.56 » for iron and have not included the high-temperature lines. ‘The author has 
developed a method of obtaining high-temperature absorption spectra, which consists 
in electrically exploding a fine wire in a confined space. When the explosion occurs 
in air confined in a tube or slot, the flash gives a brilliant continuous spectrum crossed 
by the absorption lines of the elements composing the wire. The spectrograms 
reproduced show that for iron an absorption spectrum was obtained which extends to 
0.66 “and includes all classes of lines except the pronounced enhanced lines. Copper, 
nickel, and manganin were also investigated. When the method has been more fully 
developed it may be possible to imitate stellar absorption spectra of the solar type. 

New laboratory source of light—By discharging a large condenser, charged to 
26,000 volts, through a fine wire 5 cm long, about 30 calories of energy were dissipated 
in about 10-5 sec. If all of this energy had gone into the two milligrams of wire it 
would have raised its temperature to about 300,000°. Actually, the brilliant flash 
which resuited had an intrinsic intensity corresponding to a temperature of about 
20,000°, or about one hundred times the intrinsic brilliancy of the sun.. The character 
of the spectrum and also the pressure developed depend, of course, upon the energy 
per unit mass and also upon the initial pressure and volume of the surrounding gas. 
When the wire was exploded within a tube or slot under a bell jar exhausted to 2 cm 
pressure, a line emission spectrum was obtained. As the air pressure was raised 
the continuous background increased in intensity and the spectrum became more and 
more an absorption spectrum. Because of the high temperature the continuous spec- 
trum extends far into the ultra-violet. This source should be useful in studying 
the pressure-shift of lines, as pressures of 50 atmospheres can readily be obtained. 
The spectrograms already secured show the effect clearly. The appearance of the 
flash is shown by direct photographs. Its size corresponds to a speed of propagation 
in open air of about 3.3 km per second. Some striking mechanical effects of the explo- 
ston are briefly described. 

Meteorites falling into the sun.—In a theoretical discussion the author points out 
that meteorites falling into the sun would be given a relatively enormous amount of 
energy in a short time and hence would be exploded by mechanical means much as 
his wires were exploded by electrical means. 

Fine wires—A simple method of producing on a lathe wires weighing down to 
o.I mg per cm was developed. 


Laboratory investigations deal almost exclusively with emission 
spectra, that is, spectra consisting of bright lines on a more or less 


t Asirophysical Journal, 51, 37, 1920. 
135] I 


2 J. A. ANDERSON 


completely dark background. Absorption spectra such as are 
given by the sun and stars, not being readily produced in the 
laboratory, must be interpreted in terms of the knowledge derived 
from a study of emission spectra, which would not be a serious 
drawback if the mechanism of emission and of absorption were 
known; since, however, neither is at all well understood, one 
never feels absolutely sure of his ground in discussing solar or 
stellar spectra. ' 

Absorption spectra are encountered in the laboratory: (1) in 
self-reversals of arc or spark lines; (2) by passing white light 
through cooler vapors or gases. In the arc or spark at atmospheric 
pressure only a small percentage of the lines are found to be re- 
versed; in the spark at high pressures or in liquids more lines may 
be reversed, and in the experiments of Hale and Kent* at the 
highest pressure a fair absorption spectrum was produced, though 
the background was not quite uniform. Possibly at still higher 
pressures this method would yield a pure absorption spectrum. 
The high pressure required is, however, a disadvantage in more 
ways than one. 

By passing white light through vapors or gases a pure absorption 
spectrum is obtained, but, since the hottest source of white light 
at our disposal is the crater of the arc, it has been found possible to 
reverse only those lines which are usually found self-reversed in 
the arc, and naturally very little can be done in the region beyond 
2500. As an illustration consider the spectrum of iron, perhaps 
the most important element from the standpoint of the astrophysi- 
cist. The low-temperature lines (Groups a and }b of Gale and 
Adams) are found self-reversed in the arc from the extreme ultra- 
violet up to about \ 5500, although reversals above \ 4500 are not 
.common. ‘The same lines are also obtained as absorption lines 
in the electric furnace, either by passing white light from the 
crater of the arc through the furnace tube or by inserting a graphite 
plug near the middle of the tube;? but no lines beyond \ 5500 
have been reversed by this means. Liveing and Dewar mention 
\ 5615 as having been reversed in one of their experiments, but 


* Publications of the Yerkes Observatory, 3, Part II. 
7A.S. King, Mt. Wilson Contr., No. 174; Astrophysical Journal, 51, 13, 1920. 
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this is the only case of reversal for iron in the region less refrangible 
than \ 5500 that I have come across. The high-temperature lines, 
and in fact the great majority of iron lines, are nearly unknown as 
absorption lines except in the sun and stars. 

Jn the course of the experiments described below the absorption 
spectrum of iron from \ 2250 to \ 6600 has been photographed; 
all classes of lines except the pronounced enhanced lines are present, 
as may be seen from the reproductions. Of course only a beginning 
has been made so far; but the results obtained are quite promising, 
and it seems reasonable to expect that when the method is fully 
developed we may be able to imitate successfully the spectra given 
by the sun and stars. The object of the present communication 
is to call attention to the method in the hope that other workers 
may be induced to aid in developing it as rapidly as possible. 

It may be of interest to state briefly the idea which led to these 
experiments: Consider a meteoric particle falling into the sun 
or a similar center of attraction. Let its mass be m and its 
velocity v; its kinetic energy is therefore 4 mv?. With the sun 
as the center of attraction we have v = 6X10’ cm/sec., and hence, 
for m=1 gram, the energy is 1.8X10"% ergs or about 4X10! 
calories. How far such a particle would travel before being 
consumed will of course depend upon the density of the atmosphere 
through which it moves. In general the path would not be long; 
hence the time would be short, perhaps a second or, more probably, 
only a very small fraction thereof. The conditions thus indicate 
that a very large quantity of energy is thrown into a small amount of 
matter in a short space of time. The effects, spectroscopic and 
otherwise, of such conditions cannot of course be predicted; hence 
if any of the circumstances could be produced experimentally 
they might lead to interesting results. 

The conditions to be satisfied are as just stated: to throw a 
large amount of energy into a small amount of matter in as short 
a time as possible. By purely mechanical means this does not 
appear to be easy, but by electrical methods it seemed worth 
trying. 

In the first attempts a small iron wire was inserted in a circuit 
containing two fair-sized 11o-volt direct-current generators in 
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series. On closing the circuit the wire blew up like an ordinary fuse 
with a blinding flash of light, the spectrum of which was easily 
photographed. On account of the large inductance of the circuit 
containing the armatures of the two generators, the duration of 
the flash was rather long and the amount of energy developed per 
gram per second not, therefore, very large. An estimate placed 
this at about 10° calories. A large storage battery would un- 
doubtedly discharge at a much greater rate, but for obvious reasons 
this was not tried. Instead, a large glass plate condenser was 
built, which, when charged to about 25,000 volts, contains an 
amount of energy equal to 30 calories. When discharged through 
an iron wire 5 cm long and weighing 2 milligrams, this gives very 
good results: The circuit was so arranged that the frequency 
of the electrical oscillations as determined by a rotating mirror 
was 150,000 cycles per second, and the damping large enough to 
confine most of the energy to the first cycle. (See Plate VIIIa, which 
is a photograph of the flash as seen in the rotating mirror.) If we 
assume that the effective time of a discharge is of the order of 10-5 
seconds and that the larger part of the energy of the condenser 
charge is expended in the exploding wire, we arrive at a rate of 
energy development per gram which is of the right order of mag- 
nitude. The discharge of this condenser was used throughout 
the present work. 


DETAILS OF APPARATUS AND EXPERIMENTS 


The condenser consists of 98 plates of single-strength window 
glass 40 X 50 cm (16 X 20) inches having tin-foil coatings 35 X43 cm 
laid on with shellac. It is charged from a 500-watt, 26,000-volt 
transformer through a mechanical rectifier, the arrangement of the 
circuit being as shown in Figure 1. The difference of potential 
of the condenser plates can be regulated to some extent by varying 
the length of the series spark-gap S. When this is short, 2 mm 
approximately, and the gap W closed by a heavy conductor, 
sparks pass through S at the rate of 2 or 3 per second. When 
the gap S is lengthened to 2 cm, the sparks pass at the rate of one 
in about 2 seconds. The entire circuit CSW is made as short and 
compact as possible in order to keep the inductance low and the 
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PHOTOGRAPHS OF ELECTRICALLY EXPLODED WIRES 


Explosion photographed by rotating mirror. Numbered divisions of scale correspond to 
one one-hundred-thousandth of a second 

Explosion in block of wood; end view 

Explosion in block of wood; side view 

Explosion in open air; aperture F/44 

Explosion in open air; aperture F/22 

Explosion in open air; aperture F/s5.6. The faint image above is a ghost from the 
camera objective 
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frequency high. Since the capacity of the condenser is about 
©.4 microfarad, and the frequency 150,000 cycles per second, it 
follows that the total inductance is only about 745 millihenry. 
The sparks are very noisy and the observer must not go too close 
without protecting his eafs. This is especially true when a wire 
is exploded in the circuit. The sound-wave then sent out can be 
felt as a distinct sharp blow on the face or hands at a distance of 
50 cm or more. 


Transformer 
Rectitier 
Condenser 
Series spark gap 
Wire to be exploded 


Fic. 1 


=ONOW4 


The mechanical effects of exploding wires are interesting. 
Some of these have been described by Singer™ and by F. E. 
Nipher.? If a glass tube with open ends be slipped over the wire 
the explosion breaks the tube into fragments, which are scattered 
all over the room; if the ends of the tube are closed by cork stoppers 
and the tube filled with water, the water disappears completely 
and the tube is broken into powder so fine that it is sometimes 
difficult to recognize it as glass. With the wire a few millimeters 
below the free surface of water in a large glass jar, the sound-wave 
transmitted through the water by the explosion thoroughly wrecks 
the containing vessel. The apparent absence of any heat effect 
is also quite striking. A No. 4o B. and S. gauge (0.080 mm) 
copper wire with double cotton insulation may be exploded, and in 

1 Philosophical Magazine, 46, 161, 1815. 

2 Experimental Studies in Electricity and Magnetism. Blakiston, 1914. 
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most cases the insulation remains nearly unchanged. Tissue paper 
wrapped tightly around the wire is torn into small bits, but not 
burned or even charred. 

With the present condenser and voltage, it is not possible to 
obtain good effects with wires larger than No. 36 B. and S. gauge 
(0.127 mm), or longer than 8 cm; in fact smaller and shorter 
wires give better results. At first this was a great inconvenience, 
as it was found impossible to procure such small wires on the 
Pacific Coast. The difficulty was overcome by one of the mecha- 
nicians, who found a neat way of making practically straight lathe 
turnings of any length, in sizes from less than o.1 milligram per 
centimeter up. 

In photographing the spectrum of the explosions a plane 
grating spectrograph was used. The collimator is a 12.5 cm 
(5 in.) Brashear telescope lens of 150 cm (60 in.) focus. The 
grating is a to cm (4 in.) Rowland, known as the ‘‘Kenwood 
grating,” having bright second and third orders. The camera lens 
is a Bausch and Lomb Tessar Ic, F/4.5 of 39 cm (rs in.) focus. 
The second-order spectrum was used and the grating so inclined 
to the axis of the camera lens that the dispersion at the middle 
of the plate is 6 A per millimeter. The ultra-violet region was 
photographed with a large Fuess quartz spectrograph, giving a 
scale at \ 2300 of about 4.5 A per millimeter. 


RESULTS 


The following are the general conclusions from the work up 
to the present time: 

1. Wire exploded in the open air—When viewed side on, the 
spectrum consists of bright lines, with faint self-reversals in the 
green region and more prominent reversals in the violet. There 
is a continuous background of increasing intensity toward shorter 
wave-lengths, but not very strong. Viewed end on, the reversals 
are more prominent throughout and the continuous background 
very much strengthened. At d 3700 the strength of the background 
is so great that this portion of the spectrum looks very much 
like a normal absorption spectrum. Open-air explosions were not 
studied in the region beyond A 3600. 
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2. Wire surrounded by a wooden tube 1 cm in diameter and 

viewed end on.—At atmospheric pressure the spectrum is perfectly 
continuous with absorption lines only, from \ 2250 to above \ $700. 
To the violet of \ 4500 the lines are in general quite narrow and 
sharp; to the red of \ 4560 the flame lines are sharp, while lines of 
groups d and e are rather wide and diffuse. A spectrogram of the 
region \ 6100-A 6600 shows also a continuous spectrum with absorp- 
tion lines, but there are faint traces of emission lines (enhanced iron 
lines). Using this arrangement under a bell jar, the region \ 3600- 
\ 4200 was studied in air at pressures ranging from 2 cm to 20cm. 
At 2cm all lines were bright and very few showed self-reversals, 
except H and K (these came no doubt from the wood). From 
5 cm to 13 cm pressure the continuous background increased 
rapidly in intensity; reversals became gradually more prominent, 
and the bright lines broadened and in general shifted toward 
longer wave-lengths, so that at ro cm numerous lines showed as a 
fine absorption line in the normal position with a broad emission 
line lying wholly on its red side. 
At 15 cm and 20 cm there was 
no trace of bright lines, the 
spectrum being perfectly con- 
tinuous with the absorption 
lines in general very fine. 

3. Wire placed in a cut in a 
block of wood as indicated in 
Figure 2.—The cut mostly used 
was 4 cm long, 2.5 cm deep, 
and 3mm wide. This gives 
the same spectrum as that aos 
produced by the tube just 
described; it is, however, much easier to load, and is better adapted 
for projection on the slit of the spectroscope. The spectra re- 
produced in Plate [X were taken with this arrangement, viewed 
end on. 

4. Brightness of the explosion as a source of light.—Since the 
spectrum is continuous it becomes possible to compare the bright- 
ness of the source with that of the sun, for example, by merely 


IAI 


8 J. A. ANDERSON 


comparing the exposure-times which give the same density on 
the photographic plate, using the same spectroscope and projecting 
apparatus in both cases. The method is simply one of direct 
substitution. Such a comparison was made in the region \ 3900- 
X 4000, using both the quartz and grating spectrographs, and in 
the region of \ 5500 using the grating instrument. The results 
are as shown in the accompanying table: 


No. of Successive Exposure to Sun for : c 
Explosions Equal Density Region Spectrograph 
Sec. 
BM cee cape creer 1/200 A 3Q00-A 4000 Quartz 
TOW errs eer eee 1/40 d 3900-A 4000 Grating 
Borers ogee cheer emt 1/10 d 5200-A 5600 Grating 


It remains to estimate the equivalent duration of an explosion. 
Plate VIIIa shows that the total duration of light of sufficient inten- 
sity to affect the photographic plate exposed with the rotating 
mirror is not over 1/20,000 sec. It also shows that the greater part 
of this light is concentrated in the first half-cycle, the duration 
of which is 1/300,000 sec. Hence if we call the equivalent time 
1/100,000 sec. we are overestimating rather than underestimating 
it. Using this value we find for the ratio of exposure to sun to 
that of the explosions for the three comparisons given above 
167:1I, 250:1I, 200:1, respectively, or in the mean that it requires 
200 times the exposure to the sun to produce the same density 
as that given by the explosions. The sunlight is of course con- 
siderably reduced in intensity in passing through the atmosphere, 
and there is an additional loss at the speculum mirror which reflects 
it into the projection system. If we say that only one-half of the 
light from the sun reached the projection system we still find 
this new source to be 100 times as bright as the solar surface. 

5. Direct photographs of the ecplosion.—Plate VIIIb shows an end 
view of the explosion in the block of wood, and Plate VIIIc is a side 
view of the same. The contraction of the luminous column above 
the slot in the end view is evidently connected with the sharply 
defined “shadow” above the block in the side view. This apparent 
shadow is a little surprising and an explanation does not readily 
suggest itself. 
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Plate VIIId, e, f shows end views of the explosion of a wire 
in the open air. They were taken with the camera lens stopped 
to F/44, F/22, and F/5.6, respectively, so as to get the effect of 
exposures of different “lengths.”” The F/44 exposure, together 
with a similar one taken*side on (not reproduced), show plainly a 
central core of luminous vapor, having the form of a solid cylinder 
22 mm in diameter and of a length somewhat greater than that of 
the wire used, the ends of the cylinder being roughly hemispherical 
caps. The remarkably sharp outer boundary of this cylinder 
indicates that it marks the limit reached by the expanding gases 
at the end of the first half-cycle, that is, at the end of 1/300,000 
sec. The F/22 exposure shows clearly a fainter second cylinder 
outside the first, whose diameter is roughly 45 mm. Its outer 
boundary is, however, rather ragged in this exposure, and even in 
the F/5.6 exposure it is far from being as sharp as that of the inner 
cylinder. The outer cylinder probably marks the limit reached 
by the gases at the end of the first cycle, and its light is chiefly 
derived from the current during the second half-cycle, the greater 
part of which must have passed through the inner core. 

The vapors undoubtedly gc on expanding through the succeed- 
ing cycles, but partly on account of their rapid cooling due to 
expansion, and partly because of the great diminution of the 
current intensity, the corresponding cylinders fail to be registered 
on the photographs. 

If the explanation just given is correct, we find for the velocity 
of the expanding gases 3.3 km per second, or about io times the 
velocity of sound in air at normal temperatures. 

When the wire is exploded in the slot in the block of wood, 
the two regions corresponding to the two cylinders can still be seen 
quite well on the photographs, but they lack the sharp outline 
shown in the open air, perhaps owing to the resistance to motion 
offered by the confining walls of wood. It is clear, however, that 
the velocity in this case is considerably greater, measurements 
on one of the best plates giving 30 mm and 54 mm respectively, 
instead of 22 mm and 45 mm for the open air. 

6. Pressure in the gases of the explosion.—The experiments of 
Hale and Kent, showing that a spark discharge in gases at a pressure 
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of so atmospheres or more gives a spectrum at least partially 
continuous, suggested that the cause of the continuous spectrum 
observed in these experiments may be a very high pressure in the 
gases formed by the explosion. An effort to estimate the order of 
magnitude of this pressure was made as follows: A hole 7 mm in 
diameter was bored through a block of wood weighing 130 grams. 
The block was then split into two parts by a cut passing through 
the axis of the hole. One-half was rigidly mounted, and the other 
suspended as a pendulum so as to hang in contact with the im- 
movable half. The wire was mounted centrally in the hole and 
the velocity of the movable half produced by the explosion was 
measured and-found to be 135 cm/sec. The mass of the movable 
block being 65:grams, its momentum was 65 X135 = 8775 gr. cm/sec. 
The wire in this case was a No. 36 B. and S. gauge (0.127 mm) 
nickel wire, 6 cm long, 48 mm being inside the opening in the 
split block. The mass of 48 mm of this wire is 4.8 mg. The 
momentum is of course equal to the product of the pressure, area, 
and the time. The pressure varies and is a function of the time. 
Not knowing the law of variation or the exact value of the time, 
only very rough estimates of the pressures could be made. The 
time in this case is of course not the same as the duration of the 
light, because the emission of light, being largely due to the flow 
of current through the gases, will cease after a few cycles; the 
gases, however, go on expanding until atmospheric pressure has 
been reached. If we assume the equivalent time to be that during 
which the maximum pressure would produce the momentum ob- 
served, we may reasonably suppose that its value would be some- 
where between 1/50,000 and 1/10,000 sec., and probably nearer 
the latter figure. This gives, for the pressure, a value lying between 
135 and 27 atmospheres, with the probability in favor of a value of 
40 or 50 atmospheres. An independent method of estimating the 
pressure is as follows: Assume that the nickel wire is transformed 
into monatomic nickel vapor at a temperature of 20,000° C., 
which is the order of temperature to be expected from the intensity 
of the light. The volume at atmospheric pressure would be 136 
cu. cm, and if we neglect leakage through the open ends of the 
tube and merely divide by the volume of the tube, viz., 1.82 cu. cm, 
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we find 75 atmospheres as an upper limit for the pressure, which 
is in fair agreement with the estimate from the momentum of the 
block. We cannot be far from the truth if we say that in this 
experiment the pressure was of the order of 50 atmospheres. 

The iron wires exploded in making the spectrograms accompany- 
ing this paper weighed only 0.4 as much as the nickel wire used 
in the experiment just described, and the volume of the slot in 
which the wires were placed was 2.5 cu. cm, or 1.4 times as great, 
so that in this case the pressure could hardly have been more 
than one-third of that just estimated, or of the order of 20 at- 
mospheres. It seems reasonable to conclude, therefore, that the 
pressures developed in these explosions are not nearly as high as 
those which have often been used in spectroscopic investigations, 
and hence that very high pressure in a gas is not at all necessary for 
the production of a continuous spectrum. 

7. Experiments with other elemenis.—A few spectrograms were 
made using copper, nickel, and manganin wires. With man- 
ganin the continuous spectrum has about the same brightness as 
with iron; with nickel it is brighter; while with copper it is very 
much fainter. 

DISCUSSION 

It may not be out of place to return for a moment to the idea 
which prompted these experiments. As stated above, this was to 
determine if possible the spectroscopic result of the fall of a me- 
teoric particle of very high velocity into a resisting medium, such 
as the solar atmosphere. The general effect would be an ex- 
tremely rapid vaporization of the materials forming the particle. 
In these experiments we have a rapid vaporization of a metal in 
the form of a thin wire. The analogy ends here, for in one case 
the vaporization is produced by mechanical, in the other by electri- 
cal, means. That the two methods would yield identical results 
is not to be expected; but on the other hand it is hard to advance 
any valid reason why they should be radically different. There is 
another difference, and an important one, in the amounts of energy 
available in the two cases. In our experiments the total energy 
of the condenser charge was 30 calories, and not all of this small 
amount went into the wire. The same wite falling into the sun 
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would develop 80,000 calories—in a longer time it is true, yet one 
cannot help feeling that an adequate imitation of what must 
happen in the sun requires much more energy than was available 
in the present work. The following general conclusions seem 
to be reasonable: A very small particle would be consumed in the 
extreme outer regions of the sun’s atmosphere where the pressure 
is exceedingly low. The path of the particle would therefore be 
long and the rate of development of heat energy low. Under 
such conditions the spectrum would most likely consist of bright 
lines, with little if any continuous background. Particles large 
enough to reach a level where the pressure is appreciable would 
encounter an enormous resistance, and the development of heat 
energy would be extremely rapid, perhaps hundreds of times as 
rapid as in the present experiments. Here it seems likely that a 
continuous spectrum with absorption lines would be produced. 

The experiments will be continued with a larger condenser 
and higher voltage. Attempts will also be made to observe the 
explosions in gases other than air; hydrogen, for example, should 
be interesting. 

The author desires to express his thanks to Mr. Ellerman for 
help in some of the photographic work, and for his kindness in pre- 
paring the plates for reproduction. The author is also indebted 
to Mr. Sinclair Smith, who assisted throughout the experimental 
work. 

SUMMARY 


1. Fine wires exploded by a condenser discharge give a brilliant 
continuous spectrum crossed by the absorption lines of the element 
composing the wire. 

2. The continuous spectrum extends into the extreme ultra- 
violet. 

3. The intrinsic brightness of the explosion as a source of light 
is very high, being apparently much greater than that of the 
solar surface. 

4. The pressure in the gases giving the continuous spectrum 
is not excessive, being at most of the order of 20 atmospheres. 


Movunt WItson OBSERVATORY 
December 1, z919 
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THE SPECTRUM OF NOVA OPHIUCHI 1919 
By WALTER S. ADAMS anv CORA G. BURWELL 


ABSTRACT 


Spectrum of Nova Ophiuchi—The paper reports in detail measurements of a spectro- 
gram obtained with the 1oo-inch reflector on November 2. Although the star had 
reached its maximum brightness over six weeks before, the general features of the 
spectrum are characteristic of novae at a comparatively early stage of development. 
The strong continuous background is crossed by bright bands, with absorption lines 
forming their violet edges, which correspond mainly to hydrogen and calcium lines 
and to the enhanced lines of iron and titanium. The middle of each band is dis- 
placed about 1 A to the red, while the absorption lines are displaced from 4.5 to 
5.5 A to the violet. The shifts for the various lines are proportional to the wave- 
length and are about half the width of the associated bands. The radial velocity 
indicated by the calcium absorption lines is about +6 km. 

Spectra of novae; a simple interpretation of the observed displacements.—The fact 
that for Nova Persei, Nova Geminorum No. 2, Nova Aurigae, and Nova Ophiuchi 
the displacement of the absorption lines is in each case about twice the width of the 
corresponding bands, suggests that both phenomena are mainly Doppler effects, and 
lends some support to the hypothesis of a shell of gas moving rapidly out from each 
star. 


The spectrum of the nova in Ophiuchus discovered by 
Miss Mackie on photographs made at the Harvard College Observa- 
tory? was observed at Mount Wilson on the nights of November 1 
and 2. The magnitude of the star was estimated at about 8.0, 
and for this reason and because of its low altitude it was neces- 
sary to use a spectrograph of small dispersion. For the first photo- 
graph the 60-inch reflector and the Cassegrain spectrograph with 
one prism and a camera of 18 cm focal length were employed; the 
second spectrogram was made with the roo-inch reflector and a 
spectrograph containing one prism and a camera with a focal length 
of 46cm. The latter negative obtained with an exposure time of 
110 minutes was most satisfactory, and the results given in this 
communication are based upon its measurement. 


t Harvard College Observatory Bulletin, No. 696. 
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The general features of the spectrum are those characteristic 
of novae at a comparatively early stage of development. This is 
in itself remarkable, since the maximum of light of the star appar- 
ently occurred about September 13, over six weeks previous to 
these observations. The continuous spectrum is strong and a 
large number of fairly well-defined absorption lines are present. 
In many cases these are associated with bright bands upon the side 
of longer wave-length. These bands, as has been found in other 
novae, are due to hydrogen, calcium, and the more prominent 
enhanced lines of iron, titanium, and other elements. It is probable 
that all the absorption lines are accompanied by bright bands, but 
unless the latter are rather strong it is not possible to distinguish 
them with certainty against the continuous background. There 
is little difficulty in identifying essentially all of the absorption 
lines with the enhanced or the stronger arc lines of various elements. 
The lines present are nearly identical with those found in the 
spectrum of Nova Aquilae No. 3 a few days after maximum of 
light, but their displacement is only about —4.7 angstroms at 
d 4500, against a displacement of — 23 angstroms in Nova Aquilae. 


RADIAL VELOCITY 


A bright band is present in the position of the calcium line K 
and another band is made up of calcium H and the hydrogen 
line He. Across these bands are dark lines due to calcium, the 
measurement of which affords a means of determining the radial 
velocity of the star. The lines are somewhat stronger than in 
most novae, but the measurements are subject to considerable 
uncertainty because of the inferior focus in this part of the spectrum. 
The mean of the determinations by two observers, after correction 
for the earth’s motion, is +6 km. 


ABSORPTION LINES 


The principal dark lines measured in the spectrum are given 
in Table I. Successive columns show the wave-length, as taken 
from Rowland’s table, of the line with which the stellar line is 
identified, the element to which it is due, the wave-length in Nova 
Ophiuchi, the displacement, and the corresponding displacement 
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TABLE I 


SUN ELEMENT 
Rd iri eset Enh. Ti 
BOTs a Enh. Ti 
seh aeeeeelcls Ca 
20cm He 
Fee Enh. Ti 
ESOn deh Enh. Ti 
{90 arene 6 

EOD a Aaya s ¢ Enh. Ti 

Si cere Enh. Ti, Fe 
Rove Enh. Fe 
3 A Enh. Ti 
AGO Tees Ga 

Re ae eee: Enh. Fe 

Sve eee Enh. Sc 
OAR Ose Enh. Ti 

AS a ee Enh. Ti 

FP ete Enh. Fe 
Die coe Enh. Ti 
OCs ants Fe, Enh. Ti 
OO nee Enh. Ti 

Te Sue Enh. Ti 
BOA ees Fe 

POO Hy 

BORG stirs Cr, Mg. 

50.5 Sch oH ES MO TS ERA 
eS eictatersts Enh. Fe 

Oe Nee Enh. Ti 

OF0 eee Enh. Ti 

AB owen Enh. Fe, Ti 
Gomis Enh. Ti 
Oona Enh. Ti 
OOS ice Enh. Ti, Fe 
AAs Enh. Ti 

A Gurren Enh. Fe 
ee ee Enh. Fe 

AO vce Enh. Fe 

SOx hee. Enh. Fe 

SOU Ne Aare Fe 


Nova Opxiucut 


DISPLACEMENT 


Nova Oph. 


Nova Aquilae 


3805.79 
3909.08 
3928.94 
3965.17 
4007 .94 
4024.24 
4007.57 
4159.33 
4168 . 29 
4174.01 
4180.03 
4222.38 
4228.78 
4242.52 
4285.74 
4289.61 
4292.31 
4295-59 
4303 30 
4309.68 
4315.92 
4321.37 
4336.03 
4347. 21 
4303 .83 
4370.28 
4380.57 
4390.49 
4395.66 
4401.51 
4412.33 
4439.22 
4403 .89 
4484.09 
4490.56 
4503.30 
4510.13 
4515.48 
4517.94 
4523.70 
4529.44 
4544.57 
4558.92 
4567.16 
4571.98 
4579.06 
4800.58 
4855.88 
4918.44 
5011.6 
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in the spectrum of Nova Aquilae on June 11, 1918, the date on 
which the spectrum was most nearly comparable with that of 
Nova Ophiuchi. The wave-lengths at the beginning and end of the 
table are less accurate than the others. Corrections have been 
applied for radial velocity. 

The well-known proportionality between displacement and 
wave-length characteristic of the spectra of novae is marked in 
these results. ‘Thus if we form means for each 200 angstrom units 
beginning at \ 4000 we find the following displacements: 


AN 4120' 4.52 4320 —4.65 4520 —4.95 4900 —5.76 
These values are satisfied by the equation AX =o.oorto0 J with 


the following residuals, weights being assigned according to the 
number of lines: 


4120 0.00 X 4320 —0.09 4520 —0.0I A4Q0O +0.38 


The ratio of the displacement of the absorption lines in Nova 
Ophiuchi to that in Nova Aquilae as obtained from Table I is 
1 to 4.53. A similar comparison of the displacements in Nova 
Aurigae, Nova Persei, Nova Geminorum No. 2, and Nova Aquilae 
was made by Adams," and attention was called to the remark- 
ably close agreement of the ratios with the integer numbers 1, 2, 
and 3, the largest value belonging to the more refrangible com- 
ponent of the hydrogen lines. The corresponding value in the 
case of Nova Ophiuchi should apparently be 4, and the depar- 
ture from the whole number is too large to come within the 
limits of error of the determination. Although the relationship 
found for the four earlier novae may well be regarded as a coinci- 
dence, attention should be called to the fact that in the case of at 
least one, Nova Aquilae, the displacement varied with the interval 
after maximum of light. Accordingly, results obtained at the same 
relative light-phase should be used, and no strict comparison can 
be made between the displacements found in the case of Nova 
Ophiuchi six weeks after apparent maximum and those in Nova 
Aquilae only three days after maximum. 

One other possible effect may be referred to. As will appear 
later, the bright bands in Nova Ophiuchi are displaced about 

* Proceedings of the National Academy of Sciences, 4, 355, 1918. 
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one angstrom toward the red, and those in Nova Aquilae the same 
amount toward the violet. If these displacements are in any way 
related to those of the absorption lines, allowance should be made 
for the difference. 


a 


BRIGHT BANDS 


A list of the bright bands measured in the spectrum is given in 
Table II. The values for the first few bands are necessarily 
uncertain. 


TABLE II 
Sun Element Center of Band Width in A Displacement in A 
ASSO 2 on seek He BS0Ot © 9 el anee mene ees 4p 
3033200 eens « Ca 3035 7 +1 
SD /On2 arene He 3071 8 Saw 
AO 2OE Cech’ Enh. Ti 4020.7 he +1.2 
ALORRO ss eAtn: H6é 4102.9 7.6 +1.0 
BPARe Biome < Enh. Fe 4233.8 8.0 +0.5 
AZAGO Fai Seek Hy 4341.7 8.8 +1.1 
EMRE Sete che Enh. Fe, Ti 4418.5 8.6 1.1 
AAAS OM Teco Enh. Ti 4444.9 9.1 +o.9 
BAGS OT Aah. oes Enh, Ti 4469.6 8.7 +0.9 
BAST IA | Steen Enh. Mg AACS AT Meel|'s crreieetire not aieiecs +0.7 
4513 
(NEE ak REA Enh. Fe 4523.8 8.9 +1.0 
AR OA. Oe 17 alee Enh. Fe 4585.7 Tomy +1.7 
4633 
ASOT AG ae actors Hg 4863.2 9.2 +1.7 
BOQAsT. Jace Enh. Fe 4025.7 Tommi +1.6 
ROLGuOwn ase = Enh. Fe 5020 It +1 


It is clear from these results that there is a displacement of the 
center of these bands of the order of one angstrom unit to the red. 
It also seems probable that both the displacement and the width 
of the bands increase in proportion to the wave-length. This 
result is well known in the case of previous novae. The following 
summary shows the values of the width and displacement at 
d 4500 for the four principal stars of this character: 


Width of Bands in A Displacement in A 


INGVa eerSelena ete e eee 48 +1.0 
Nova Geminorum....... 25 +1.2 
INOVAPACUIlAG retraite: 49 —1.0 
Nova: Ophinchis <6. .22% 9 a pibon 
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The displacement to the violet in the case of Nova Aquilae is 
of especial interest. It is well established from the observations 
of Harper at Ottawat and from the Mount Wilson measurements. 

A comparison of the widths of the bands in these stars shows that 
their ratio is closely the same as that between the displacements of 
the absorption lines, and that in each case the width is very nearly 
twice that of the corresponding displacement. The absorption 
lines, therefore, may be regarded as marking definitely the violet 
edges of the bright bands, and the conclusion is obvious that the 
cause which produces the displacements of the dark lines must be 
mainly responsible for the widening of the bright bands. This 
would favor the view that the Doppler effect is the principal agent 
involved, sinte in such laboratory investigations as that of the 
spectrum of the spark in liquids and under high pressures, in which 
a slight degree of resemblance to the spectra of novae has been 
attained, the dark lines and the bright bands have been very 
differently affected. The hypothesis of a shell of gas moving 
rapidly outward from the star may, accordingly, be regarded as 
receiving some slight degree of support from these results. 

In conclusion the suggestion may be made that the displace- 
ments of the absorption lines and the widths of the bright bands are 
to some extent an indication of the disturbances present in the 
star, and so perhaps form a rough measure of its absolute magni- 
tude. From this point of view Nova Ophiuchi would be of especial 
interest as being intrinsically the faintest of the last five prominent 
novae. 


Mount WILson OBSERVATORY 
December 15, 1919 


* Journal of the Royal Astronomical Society of Canada, 12, 494, 1918. 
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PRELIMINARY OBSERVATIONS OF THE ZEEMAN 
EFFECT FOR ELECTRIC FURNACE SPECTRA 


By ARTHUR S. KING 
ABSTRACT 


Zeeman effect for furnace spectra of iron and vanadium.—Hitherto Zeeman effect 
observations have been almost exclusively confined to spark spectra. Because the 
electric furnace emits or absorbs strongly many lines which are weak or absent in 
spark spectra, and because it is desirable to compare the effects of a magnetic field on 
spectra from different sources, the present investigation was undertaken. The 
furnace tube was placed parallel to the lines of force, in a field varying from 6500 gauss 
in the center to go0o gauss near the ends, and it was heated to a maximum temperature 
of 2200°. To obtain the inverse effect, a carbon plug was placed so as to supply a 
continuous high-temperature spectrum as a background. Spectrograms were taken 
with a concave grating giving a scale of about 1.83 A per mm. Table I contains 
the observed separations for both the direct and the inverse effects, viewed along the 
lines of force, for too iron furnace lines together with the corresponding separations 
obtained with the spark as source. Table TI contains similar data for the direct effect 
for 90 vanadium lines. Twenty of the iron lines and eleven of the vanadium lines 
had not previously been investigated. It was found that the character and mag- 
nitude of the separations for the m-components of furnace lines both in emission and 
in absorption agree closely with those of the corresponding spark lines, reduced to the 
same field intensity; that is, the effect is independent of the source used. Since these 
three methods give identical results for each line, they may be used to supplement each 
other in studying the effect. Among other advantages of the furnace, the non- 
uniformity of the magnetic field enables the location and temperature of the active 
centers of absorption or emission for various lines to be determined. Spectrograms 
are reproduced in Plates X and XI. 

Zeeman effect for the D-lines of the sodium spectrum.—The author suggests a possible 
explanation of a variation of the effect with the source of light, which was observed by 
Woltjer. 


On account of the difficulty of maintaining an arc in the mag- 
netic field, investigations of the Zeeman effect have thus far been 
carried out almost exclusively with the electric spark as the source 
of light. While the spark is satisfactory for much work of this 
kind, certain disadvantages make it desirable to supplement the 
spark experiments with those from a source quite different in 
character. Two features of the spark spectrum are especially 
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troublesome. First, many lines characteristic of the low-tempera- 
ture sources, and important in sun-spot spectra, are faint or absent 
in the spark, though, on the other hand, the spark emits strongly 
the enhanced lines and others requiring high excitation. Second, 
the condensed spark in air, made more disruptive by the magnetic 
field, is an unfavorable source for obtaining the sharp Zeeman 
components required for measurements of high precision. A 
sharpening of the lines by the use of self-induction, which also 
removes the disturbing air lines, is accompanied by a reduction in 
the luminosity of the spark. 

The electric furnace is especially effective in emitting the lines 
which are weak in the spark. When inclosed ina vacuum chamber, 
the furnace.lines can be made extremely sharp, and, unlike the 
sources involving an electric discharge, neither the action of the 
furnace nor the character of its spectrum undergoes material modi- 
fication when operated in vacuo. A third useful feature of the 
furnace is the unique facilities afforded for the study of the inverse 
Zeeman effect by the production of absorption spectra when a 
diaphragm of graphite is placed at the center of the tube. The 
absorption spectra produced in the regular furnace by this means 
were described in a recent paper. 

The obvious disadvantage of the furnace when used with the 
usual type of electromagnet is its relatively large size, which prevents 
the use of high magnetic fields. While an equipment designed to 
overcome this difficulty is being prepared, it seemed desirable, by 
operating a small furnace between the poles of a Weiss electro- 
magnet, to examine the character of the magnetic separations 
given by the moderate field available. The possibilities of the 
furnace for this work could thus be determined and it could be 
seen whether any decided peculiarities appeared for a source very 
different from the spark. 

This investigation has been limited to the spectra of iron 
and vanadium, with the addition of a few impurity lines, but the 
material is sufficient to show clearly the nature of the magnetic 
separations for the furnace spectrum. 


* Mt. Wilson Contr., No. 174; Astrophysical Journal, 51, 13, 1920. 


154 


ZEEMAN EFFECT 3 


EXPERIMENTAL METHOD 


A graphite tube ro cm long, of 6mm internal and 12.5 mm 
external diameter, was placed axially between the poles of a large 
Weiss electromagnet. The’ latter was provided with pole-pieces 
5.Icm in diameter, one of which was perforated to enable the 
light from the furnace tube to pass through the hollow core to the 
spectrograph. The tube was clamped at each end in a graphite 
bushing 12.5 mm wide held in a brass ring of the same width, the 
two halves of which were bolted tightly together. This ring was 
of rectangular cross-section and made hollow to permit of water- 
cooling. The alternating current, at potentials of 5 to 20 volts, 
was led to the clamping rings by flexible copper tubes, also water- 
cooled, from the massive transformer terminals some 2 meters 
distant. The portion of the furnace tube between the clamps 
was turned down to a slightly smaller diameter, varying in different 
experiments, and, since no vacuum chamber was used, it was sur- 
rounded by a protecting jacket. Various jacketing methods were 
tried, but the most satisfactory was to inclose the furnace tube 
in a thick-walled graphite tube, with an air space of 2 to 3mm 
between, and to cool this outer tube with a tubular water-jacket 
of brass. 

A magnetic gap of about 10.5 cm was required to allow space 
for the furnace. The field in this gap, when the magnet was fully 
excited, was measured with a bismuth spiral as 6500 gausses at 
the center, and increased to gooo gausses 1 cm from the pole, which, 
however, was considerably beyond the heated portion of the tube. 
The bearing of this field variation on the observed phenomena of 
the furnace will be noted later. 

The material to be vaporized, either iron filings or powdered 
vanadium, was placed in the central part of the tube when the 
emission spectrum was desired, or in front of a graphite plug placed 
at the center when the absorption spectrum was to be observed. 
The metal was fused at a moderate temperature before the field 
was turned on. This, in the case of the iron, which sticks to the 
graphite when melted, prevented the metal from being drawn out 
of the tube. The largest current usable with the rather fragile 
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tube was 800-900 amperes, the temperature attained, judging 
from the spectrum, being in the neighborhood of 2200°C. The 
fact that the current passed through the contact blocks for a short 
distance at right angles to the field caused a vibration which, in 
spite of fairly rigid clamping in a wooden frame, eventually broke 
the tube. The limited exposures possible on this account were 
sufficient to allow photographing with the first order of the 30-foot 
plane-grating spectrograph and the second order of the 15-foot 
concave grating, the scales being about 1 mm=1.83 A and 1 mm= 
1.86 A, respectively. 


OBSERVATIONS OF THE ZEEMAN EFFECT 


1. Character of the separations—As the spark has hitherto been 
the only source extensively used in studies of the Zeeman effect, 
it cannot be assumed without proof that a source so different in its 
action as the furnace would show no differences in the magnetic 
behavior of spectrum lines as compared with the spark. The 
present investigation has therefore had as one of its chief objects 
a comparison of the furnace and spark material extensive enough 
to show whether for a given field-strength the number of com- 
ponents and the amount of their separation is the same for the 
two sources. Since the observations were made entirely along the 
lines of force, the data collected are for the m-components only. 
Measurements of the spark separations for iron have been pub- 
lished by the writer,’ and those for vanadium by Mr. Babcock,’ 
for fields of 16,000 and 20,000 gausses, respectively. These have 
furnished comparisons of furnace and spark separations for nearly 
all of the lines except those which are strong in the furnace as 
compared with the arc or spark. These are chiefly IA lines of 
the furnace classification and in most cases the measurements 
given here are the first that have been made for such lines. 

A large variety is found in the appearance of the lines emitted 
by the furnace in the magnetic field, but this is readily explained 
in every case by the data at hand on the temperature class and the 
character of the magnetic separations shown for the spark in high 


* Papers of the Mt. Wilson Observatory, 2, Part I, 1912. 
? Mt. Wilson Contr., No. 55; Astrophysical Journal, 34, 209, IQII. 
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fields. For lines of triplet separation, the furnace shows a pair of 
sharp m-components, their sharpness when viewed along the vary- 
ing field in which the furnace is placed indicating that the particles 
emitting them are rather definitely localized in the tube. Many 
cases of blurred components occur, the line sometimes appearing 
as a diffuse patch. These are found to be either complex lines in 
which the four or more n-components are not resolved by the low 
field, or low-temperature lines whose components are self-reversed, 
or sometimes a combination of both effects. Interesting cases 
are observed in which a line has the same appearance as a triplet 
when viewed at right angles to the lines of force, there being a 
sharp middle component twice as strong as either side component. 
This is caused by reversals of the two m-components for which the 
amount of separation and the width of reversal happen to be such 
that the red side of one reversed component falls exactly upon the 
violet side of the other. The furnace results, including the absorp- 
tion spectra to be discussed later, supply ample evidence that 
reversed magnetic components, when observed along the lines 
of force, show no peculiarities as compared with unreversed com- 
ponents of the same lines. A certain amount of evidence on this 
point has appeared in work with the spark, the difficulty of obtain- 
ing some of the ultra-violet iron lines with unreversed components 
having been noted by the writer." 

Lines such as AA 5124 and 5435 of iron, which show no separation 
for high fields with the spark, are sharp also in the furnace spectrum. 
Several lines which give a quartet of x-components in the spark 
show the same resolution in the furnace, and the iron line \ 5497 
is resolved into five m-components in both sources. The field 
used with the furnace was too low to separate the more complex 
types, but in every case of lines common to both, the appearance 
of the furnace line is explained by the character of its separation 
in the spark. 

2. The inverse effect——Experiments on the magnetic separation 
of absorption lines were carried out for the iron spectrum to a 
sufficient extent to show what may be expected of the furnace 
when operated in this way. The absorption lines obtained with 


« Papers of the Mt. Wilson Observatory, 2, Part I, p. 19, 1912. 
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a plug in the center of the tube and their dependence on tempera- 
ture class were discussed in a former paper.’ It was shown there 
that successive classes of lines appeared as the temperature was © 
raised, so that the production of narrow absorption lines for a 
given class is a matter of temperature adjustment. With the 
absorption furnace in the magnetic field, the components follow 
closely the character of the no-field absorption line, so that a proper 
temperature must be chosen for the desired set of lines. Proceed- 
ing according to this principle, a large part of the iron lines for 
which the direct Zeeman effect had been observed were obtained 
with their components in absorption. Complete similarity as 
to character and number of components was found for the direct 
and inverse effects. The absorption method is useful for obtaining 
low-temperature lines with short exposures, this requiring, as for 
the no-field spectrum, a higher temperature than that needed for 
the same lines in emission. For the regular work of obtaining 
measurable lines under the special conditions supplied by the 
furnace, the direct effect—adjusting the temperature and vapor- 
density to the character of various groups of lines—will probably 
be more used than the inverse effect. The absorption method, 
however, will have its place in many problems, especially in those 
connected with solar spectra. For the m-components observed along 
the lines of force, the present results show that the character of the 
magnetic resolution is the same for the two effects, so that the com- 
ponents in absorption may be studied by this means when it is of 
advantage to do so. 

3. Magnitude of furnace separations— The separations measured 
for iron and vanadium are recorded in Tables I and II. A field 
measurement was first made by selecting a number of lines, each 
of which has a pair of sharp m-components in both furnace and 
spark. A comparison of the separations gave for the direct effect 
a strength of 6400 gausses for the field generally used with the 
furnace, while a value of slightly less than 6500 gausses was given 
by a bismuth spiral placed midway between the poles. There is 
thus excellent agreement of furnace and spark separations, pro- 
vided the furnace components are emitted by vapor near the center 


* Mt. Wilson Contr., No. 174; Astrophysical Journal, 51, I3, 1920. 
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of the tube. This is probably the case, as the lines compared were 
as a rule furnace lines of moderate strength which the central vapor 
should emit most strongly, the strongest low-temperature lines 
being usually either overexposed or complex. In Tables I and II, 
therefore, the spark values, So far as they are available for the given 
lines, are reduced to a field of 6400 for comparison with the furnace 
separations. 

A comparison of the inverse and direct effects for the same lines 
showed the separation of the absorption components to be con- 
sistently larger than in emission, the separations of the best lines 
being in the ratio of 1 to 0.87, a result repeated on a number of 
plates for which the same field was used. This indicated a larger 
field-strength in the part of the tube where the absorbing vapor 
was effective. Measurements along the pole-gap with the bismuth 
spiral brought out the interesting fact that at about 25 mm from 
the center the field increased to the value indicated by the absorp- 
tion lines. It follows that the absorbing particles were centered 
about a position at this distance from the plug. The distance 
probably varies for different sets of lines; the field and dispersion 
now used are not sufficient to test this point. 

Besides explaining the larger separations of the absorption 
components in the present experiments, this result suggests a 
method of locating the section of the furnace tube in which any 
line is emitted or where the vapor absorbs the line most strongly, 
and from this the corresponding temperature. A knowledge of 
the variation of field-strength along the axis of the magnet would 
be required, and also the temperature-gradient along the tube, 
which can be measured by moving a plug from end to center 
and recording its temperature at different points. A high pre- 
cision in the measurement of the magnetic separations should 
then give valuable information as to the origin of different groups 
of lines. 

4. Comparison with spark separations.—The list of iron lines 
in Table I gives in the second column the temperature class, in the 
third the emission separations as measured, in the fourth the 
absorption separations reduced by the factor required on account of 
the larger field apparently operating in this case, and in the fifth the 
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TABLE I 
SEPARATION OF IRON Lines IN MacGnetic FIELD 
AX 
r Crass 

Emission Absorption Spark 
ZOAOOOS Mle tanner TA Wolitjat 2a 186 184 
ALOO TAS ne erie eeretene IA 176 TOG pein bese ees 
GiA7707 Senate eee if 231 220 270 
ALS2 05 7 Op pcaetentrn en tote JA ELA. oil hdcgrd we anepoieves seacel| Maeepereteee herrea 
GU7 2074S oe ve chalcites TAL Miah ee binciictens EEO) || Uaermee cne 
AIA OL crrda cee rece DATS S A Oiheiemetenes 116 150 
GG aiOorn ao dawagcacteGt IW leno side cer WE Nog annotate 
A 2008000 tene iterate TASS Sa rertiersterer IgI 135 
A2LOwLS Seemed tae tects TAS 4 Glonateecerie: 188 183 
51222222 bi em ate eteraceterer iil EA oe ll See cueterestoses 190 
BOZO TON tel rapeh ait eestor IA 207) Pe coma sma eRe ne ne 
TADS EROSG heen: Steerer II 174 180 181 
ADO SLSA eee ey icaretene eRe Til 163 157 153 
PRIS Saco sata Batt Oe OD IA 264 255 wie ues Penne 
FA 200A SQiaicie cicero Til if 185 169 
LINO Buca ty fitran eRanCn oo ON 2160 Ii 161 161 158 
A282 °AOO nonce rrsee II I50 I50 I24 
AZO TAT ete acreage Yer IA 233 25087 | ai ee ee 
F A200 R254R ae coer II 172 161 162 
ABUSE OO2 so insists cere eee: Til 216 216 207 
A337 JOS 2s taen teres dearer II O07) > 7 i iefevoeve drat 106 
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FAST GOS Ae ee ees mete oe | SEM eine ert. 180 170 
G3 S025 Lan etiseor eee TEA SO tc ae eee, TOO pl Seer 
SAAD 7 a3 TL Seeeh tere tacere ere TD ieee 193 172 
AAZONO2Z 20 ey erent II ZOA Mig terrace wee aerate 288 
AASCR UGA e cut acecciis artic JA 174 TO" Nhl eto 
ANA 2 2A Queici eaep ere cies Til EQS lhl \-res reso e I94 
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AS QUATRE a ee eee i TAGE, al veer ee -159 
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TABLE I—Continued 


+ Mean of two pairs. 
tt Five n-components. 
§ Mean of two pairs. 
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I61 


SS 


eset ece 


se) ARTHUR S. KING 


spark values reduced to the furnace field. Table I, for vanadium, 
is similar, except that the absorption method was not used for this 
element. 

These lists include the lines for which more or less sharply 
defined doublets could be measured. When the furnace com- 
ponents were not sharp, those of the spark showed a pronounced 
widening or a resolution into an inner and an outer pair. Many 
strong furnace lines, whose complex character allowed no resolution 
in this field, are omitted. 

A general close agreement of the furnace and spark separations 
in the tables indicates that the action of the field is the same for 
the two sources. In Table I the iron lines which in the spark show 
two sharp 2-components and yield measurements of high weight 
are marked with an asterisk. The agreement for these lines is 
good. For the other lines, the furnace and spark values often 
agree closely, and when different show no systematic variation. 
The mean separations of 67 iron doublets measured for both 
furnace and spark are 0.2516 and 0.2537 respectively for the two 
sources. A similar comparison of 79 vanadium doublets gives 
means of 0.3083 and 0.3100. In the few cases where the dis- 
crepancy is considerable, the line is invariably found to be espe- 
cially difficult to measure in one or both sources, usually owing 
to a shading of the complex -components toward one side or the 
other. The vanadium lines of Table IL are usually less difficult 
to measure than those of iron, the only notable discrepancies being 
for lines of complex structure. 

This observational material is presented in some detail on 
account of the difficulty in handling magnetic-field data if the 
character or magnitude of the separations depends upon the nature 
of the source. No indication of such a dependence in the iron or 
vanadium spectrum has appeared. The field possible with the 
present form of furnace has not enabled me to check the observa- 
tions of Woltjer™ on the components of the D lines of sodium. He 
examined these lines as emitted by a vacuum tube and as given in 
absorption by the oxy-acetylene flame, and found that while the 
spacing remained the same, the relative intensities of the five 


* Amsterdam Dissertation, 1914; (Abstract) Physikalische Zeitschrift, 15, 918, 1914. 
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TABLE II 
SEPARATIONS OF VANADIUM Lines IN MAGNETIC FIELD 
r Ar 
Crass 

(EXNER AND HASCHEK) 4 aoe Spark 
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TABLE IIl—Continued 
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n-components of D, were quite different in the two cases. 


difference Woltjer provisionally ascribes to temperature. The 
results of the writer’s recent study of absorption spectra? with the 
furnace may, however, have some bearing on this case. Instances 
were there noted of the weakening of spectral lines through a 


t Loc. cit. 
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partial balancing of emission and absorption. The effect of large 
differences in furnace temperatures on the magnetic separations 
has not been fully tested, owing to the long exposures required at 
low temperature, but a temperature difference of at least 400° 
produced no perceptible changes other than those clearly due to 
reversals at the higher stage. 

5. Magnetic characteristics of Class [A lines.—This class, espe- 
cially in the iron spectrum, presents interesting features. It is an 
important group of lines for which the magnetic data must depend 
largely on furnace observations, since these lines are very difficult 
in the spark when they can be measured at all. In number 
they include 23 per cent of the lines given in Table I. The sharp- 
ness of the components in a large majority of cases indicates a 
greater prevalence of the triplet type than is found among the lines 
of other classes. In the blue the average separation of IA lines 
is about the same as for others, but in the green it is nearly twice 
as great. Simple and often large separations appear to be char- 
acteristic of these lines, which are strong in the low-temperature 
furnace, and very faint in the arc and spark. 

Other large groups of lines, for which the furnace is not so neces- 
sary as for those of Class IA, are yet relatively strong in the furnace 
and their Zeeman components appear with less difficulty than with 
the spark. For a large proportion of the lines in a spectrum the 
usefulness of the furnace in observations supplementary to those 
of the spark seems thus to be assured. 


DESCRIPTION OF THE PLATES 


Plates X and X1 illustrate the results obtained for both emission 
and absorption spectra. Arc spectra with long and short expo- 
sures, respectively, are given above and below for each section, 
with the furnace spectra between. ‘The plates selected for repro- 
duction favor the weaker furnace lines so that many of the strong 
lines are overexposed, some of these showing in the negative the 
apparent triplet structure resulting from the reversal of both 
n-components. It will be noted that numerous lines, well defined 
in the furnace, are scarcely visible in the lower arc exposure, which 
is a normal one for the stronger arc lines. The very strong arc 
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spectrum above is necessary to show these IA lines for which the 
furnace is especially effective. 


SUMMARY 


1. The action of a magnetic field on the furnace spectrum has 
been examined both for the direct and inverse effects. 

2. The character and magnitude of the separations for the 
n-components of furnace lines in emission agree closely with those 
of the spark in a corresponding field. Self-reversed components 
are frequent and follow the character of the no-field line. 

3. The use of a plug in the furnace tube gives the Zeeman com- 
ponents in absorption. The effects agree with those obtained for 
emission, except that uniformly larger separations for absorption 
components indicate that the absorption particles are localized in 
a part of the tube having a higher field-strength. 

4. The large class of lines which are relatively strong in the 
furnace spectrum makes this source especially useful in supple- 
menting the results for the spark in the magnetic field. For the 
more pronounced type of these lines, not usually obtainable with 
the spark, the furnace provides an effective method of increasing 
the data on magnetic separations. 


The writer is indebted to Miss Brayton, of the Computing 
Division, for assistance in measuring a part of the spectrograms. 


Mount WILSON OBSERVATORY 
December 1919 
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OBSERVATIONS OF THE ELECTRIC FURNACE SPECTRA 
OF COBALT, NICKEL, BARIUM, STRONTIUM, AND 
CALCIUM IN THE REGION OF GREATER WAVE- 
LENGTH 

By ARTHUR S. KING 
ABSTRACT 
Infra-red electric furnace spectra to \ 9200.—By using plates stained with dicyanin, 
the author has extended his study of the furnace spectra of cobalt, nickel, barium, 
strontium, and calcium beyond \ 7coo; the longest wave-lengths photographed were 

AA 8094, 7798, 8560, 7673, and 7326 respectively. By comparing the spectra obtained 

with low, medium, and high furnace temperatures, the lines were grouped into tem- 

perature classes, as in previous work of the author’s, according to the temperature at 
which each appeared and to the rate of increase of intensity with rising temperature. 

While all the furnace lines obtained appear in the arc, the relative intensities often 

vary widely; some lines strong in the furnace are faint in the arc and some lines 

strong in the arc were not found in the furnace. 


The material presented in this paper was collected during a 
series of experiments designed to extend as far as possible into the 
infra-red several furnace spectra which had previously been studied 
through the range \ 3000 to X 7000." 

Since photographic emulsions stained with dicyanin are sensi- 
tive far beyond the red limit of the visible spectrum, it is possible 
to observe the characteristics of infra-red lines without extraor- 
dinary difficulties. For the weaker light-sources, however, faster 
plates than those now available are highly desirable, and this 
lack of speed has been much felt in the photography of furnace 
spectra. It has been noted repeatedly in former furnace investiga- 
tions that the region of greater wave-length is relatively weak in 
the furnace. The present study of the infra-red bears out this 
observation, and long exposures were often required to bring out 
the spectra that have been obtained. It has been possible, however, 
to photograph the spectrum to about \ 9200 and to classify the 
lines which the furnace was able to emit within this range. 

1 Mt. Wilson Contr., Nos. 108, 150; Astrophysical Journal, 42, 344, 1915; 48, 13, 
r918, 
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Seed “23” plates or Eastman Portrait Films were treated with 
a dicyanin bath according to the method recommended by Merrill.* 
The plates were used for the first-order spectrum of the 15-ft. con- 
cave grating to about \ 8250, while the films exposed with a 1-meter 
concave grating gave the extension farther into the infra-red. 

The tube-resistance furnace was operated as usual im vacuo, 
and photographs were made for three temperature stages selected 
according to the element under examination. This treatment 
brought out the groups of lines appearing at the successive tempera- 
tures and showed the relative changes in line intensity as the 
temperature rises. 

The resulting classification is given in the last column of 
Tables I-IV and follows the method of previous work. Lines of 
Classes I and II appear at low temperatures; those of Class II 
strengthen more rapidly at higher temperatures and are usually 
strong arc lines. Class III lines appear at medium temperature, 
while those of Classes IV and V are high-temperature lines. 
Those lines which are especially characteristic of the furnace 
spectrum and are relatively faint in the arc are denoted by “A” 
after the class number. The predominating lines of this type are 
those of Classes I A and III A. 


COBALT 


The cobalt lines obtained in this investigation are listed in 
Table I, the wave-lengths (and also those of Table II) being the 
measures of Meggers and Kiess,? which are on the international 
system. The metal used in the furnace was a purified powder 
prepared by Kahlbaum. 

The results are presented in the usual form, with intensities 
for the arc and three furnace temperatures. The latter were 
approximately 2400°, 2100°, and 1900°C. Some of the low- 
temperature lines as far as \ 7085 were also listed in the former 
tables. The classification of these lines remains the same, but the 
relative intensities are changed owing to the use of dicyanin plates. 
The low-temperature spectrograms required long exposure, and, 

* Bulletin of the Bureau of Standards, 14, 487, I9IQ. 2 [bid., 14, 637, 1919. 

3 Mt. Wilson Contr., No. 108; Astrophysical Journal, 42, 344, 1915. 
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in order to make sure that all possible lines for this temperature 
were recorded, the results with the 15-ft. spectrograph were checked 
by a strongly exposed film taken with the 1-meter concave grating. 


7) ABLE 
TEMPERATURE CLASSIFICATION OF COBALT LINES 
FuRNACE INTENSITIES 
Giescas AND ARC CLaAss 
Kirss) INTENSITY High Medium Low 
Temperature Temperature Temperature 
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pee A Sr aes ee ee i ee eh ee 
* Probably double. 
+ Furnace line may be due to carbon. 
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The variety of types observed for the visible spectrum continues 
in the region of longer waves. A number of moderately strong arc 
lines did not appear in the furnace and are placed in Class V. Two 
very faint arc lines AX 7250 and 7437 are relatively strong in the 
furnace. The low-temperature spectrum ceases at » 7417, but 
that for medium temperature holds up to the end of the list at 
d 8094. 

NICKEL 

The nickel lines listed in Table II were obtained for about the 

same temperature stages as the cobalt lines in Table I. The 


TABLE II 
\. TEMPERATURE CLASSIFICATION OF NICKEL LINES 


FurRNACE INTENSITIES 
Xr 


Arc 


es gi INTENSITY High Medium Low Epes 
Temperature Temperature Temperature 
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* Difficult on account of strong carbon spectrum. Line, if present, is faint in furnace. 
{ Furnace lines may be due to carbon. 
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metallic nickel was a purified preparation from Kahlbaum. In 
some cases cobalt and nickel were used together in the furnace. 

The low-temperature stage, at which many lines appear in the 
visible spectrum, shows in the region now studied only \\ 6915 and 
7714. About one-fourth “of the lines in Table II, however, are 
relatively strong in the furnace as compared with the arc. The 
most notable of this type is the [ A line \ 7714, the others belonging 
to Class IIIT A. This feature causes the occurrence of various con- 
trasting pairs of neighboring lines, one of which is a decided arc 
line and the other a furnace line. Such pairs are AX 7111 and 
7122, 7414 and 7422, 7714 and 7728, 7789 and 7798. ‘The relative 
intensities of the members of any of these pairs in a given source 
will decide its resemblance to the furnace or the arc. 


BARIUM 


The barium lines in Table III were obtained at temperatures 
of 2400°, 2000°, and 1650° C. for the three stages. Desiccated 
barium chloride was used in the furnace. First-order plates taken 
with the 15-ft. concave grating supplied the data except for the 
last two lines, which were photographed on films with the 1-meter 
concave grating. 

The wave-lengths are those measured by Hermann," by 
Saunders,? and by Meggers,3 as indicated by the initials in the 
second column. The values of Meggers are on the international 
system. 

The low-temperature spectrum yields a considerable number 
of lines in this region. Besides the strong arc lines of Class II, 
which are present at low temperature, there is an important set 
of five Class I lines, of which the I A line \ 7911 is the most inter- 
esting. This line widens at high temperature and its low density 
may be due to incipient reversal, but the high intensity of this weak 
arc line at low temperature is very striking. Several lines just 
visible in the arc with moderate exposure attain considerable 
strength at the high and medium furnace temperatures and are 


 Tiibingen Dissertation, 1904; Annalen der Phystk (4), 16, 684, 1905. 
2 Astrophysical Journal, 32, 153, 1910. 
3 Bulletin of the Bureau of Standards, 14, 371, 1918. 
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placed in Class III A. Lines which in the arc show a diffuse struc- 

ture are indicated by “‘n” after the arc intensity. Some of these 

are shaded toward red or violet. In all such cases the vacuum 
TABLE II 


TEMPERATURE CLASSIFICATION OF BARtUM LINES 


Furnace INTENSITIES 
d MEASURED Arc Crass 
BY INTENSITY High NMediurn iow 
Temperature | Temperature | Temperature 
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* Difficult at medium temperature on account of band. 
} Intensities much affected by vapor density. 
t May be concealed by band at low temperature. 


furnace gives a sharply defined line. Three lines, AX 7060, 728r, 
7672, are reversible both in the arc and in the high-temperature 
furnace. The reversals are narrow, however, compared with 
those of the potassium pair, AN 7665, 7699, which, though given 
merely by an impurity, often appear widely reversed. 


I72 


ELECTRIC FURNACE SPECTRA af 


STRONTIUM 


The strontium lines in Table IV were obtained with the dried 
chloride in the tube at the same temperatures as were used 
with barium. No lines showed a higher relative intensity in the 
furnace than in the arc. 6892.62 is the most conspicuous low- 
temperature line, the only one falling in Class I. The other strong 
lines fade rapidly at low temperature. 7153.08 seems usually 
to have been ascribed to barium, which has a line at \ 7153.72, 
but the two lines are clearly shown by these photographs to be 
distinct. 

TABLE IV 


TEMPERATURE CLASSIFICATION OF STRONTIUM LINES 


FuRNACE INTENSITIES 
oN ee  —  —  —— —— 
(Mxcceks) Arc INTENSITY High ae Sas Ciass 
Temperature Temperature Temperature 

O7OEIO8. .z.. Too 20 20 5 Il 
6878 2303... - 300 40 30 Io II 
GSO2- 02/5; 55 50 5or 50 50 I 
WOMOMIIS errr « 400 100 100 30 II 
Pee ROO Are 5 Plow | neehn pee erat Ree eee IV? 
7107 247. . 50 Io hs Ria a Bh career at ee Ill 
TOSo 201. 20 6 ORS eis Aorta Til 
Fiat at ete I Steele eeareereases Goines Bienen eionsars IV 
7200 “As 2 70 1 Io I Til 
ODE aS aap Io 4 Do A Ware aa erates eterene Ill 
7673.11§ 15 4 gta PY a cerecette stone ter tor Il 

* Furnace line may be due to carbon. t Widens to red in arc, 

+ Widens to red in arc. § Widens to violet in arc. 

CALCIUM 


Spectrograms were made with metallic calcium in the furnace 
for the same temperatures as were used with barium and strontium. 
' The lines measured by Meggers at AA 7148.15, 7202.21, 7326.12 
were obtained with the furnace. These come within the range 
covered in the former investigation. Numerous attempts were 
made to photograph the lines Ad 8497.98, 8542.06, 8662.10, 
but these, while strong in the arc, did not appear with certainty 
in the furnace, though a trace of the strongest may have been 


1 Mt. Wilson Contr., No. 150; Astrophysical Journal, 48, 13, 1918. 
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present. These lines are of special interest as in the solar spectrum 
they are the strongest in that part of the infra-red at present 
reached by photography. This high solar intensity and the fact 
that they are stronger in the spark than in the arc are features 
which they have in common with the H and K lines. They are, 
however, enhanced lines of a more pronounced type than H and K, 
the latter appearing even at low temperatures in the furnace, while 
those of the infra-red triplet belong clearly in Class V. 


SUMMARY 


1. By means of plates bathed with dicyanin, a study of the 
cobalt, nickel, barium, strontium, and calcium spectra extending 
into the infra-red has been made for three temperatures of the 
electric furnace. 

2. The lines of the arc spectrum, above a certain minimum 
intensity, appear for the most part in the furnace. Some strong 
arc lines, however, were not obtained in the furnace, and, on the 
other hand, a number of examples appear of lines strong in the 
furnace which are faint in the arc. 

3. Besides these features, the same variety as to rate of increase 
of line intensity with temperature was observed as for the visible 
spectrum, and the resulting classification is based on ee differing 
response to varying temperature. 


Mount WILSON OBSERVATORY 
January 1920 
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THE PHOTOGRAPHIC DETERMINATION OF STELLAR 
PARALLAXES WITH THE 60-INCH REFLECTOR 


FOURTH SERIES 
By ADRIAAN VAN MAANEN 


The present publication is a continuation of the three previous 
series' of parallaxes. As the work has been carried out in practically 
the same way as for the former series, only a few details need to 
be mentioned in regard to the taking, measuring, and: discussion of 
the plates. 

The exposures for N.G.C. 6804, 7008, and 7662 were 25, 20, 
and 25 minutes, respectively, while for all other fields they were.as 
a tule 15 minutes. 

For some fields it has been necessary to use a few comparison 
stars whose distance from the center of the plates is greater than 8’; 
in no case, however, does the distance exceed 10’. | 

The detailed results for each field are collected in the tables, 
which are arranged in the same way as in the previous papers. 


SUMMARY OF RESULTS 


The results are in Table I; at the end are values for nine objects 
not contained in Boss’s Preliminary General Catalogue. 

The mean number of exposures is a little over 16; the mean 
probable error of a final parallax is 0”0058. _ 

It has previously been noted that in the case of some of the 
double stars the probable errors are considerably larger than for 
the other fields. An investigation shows that in general the 
accidental error is large when the distance between the components 
is large. For the 100 fields discussed in the four series the mean 
probable error is 0”0056; for the six double stars for which the 
distance is less than 10” it is 00060; while for Boss 5682-5683, 
5433-5434, 3983-3986, and 592-593, whose separations are 14”, 

Mt. Wilson Contr., Nos. 111, 1916; 136, 1917; 158, 1918. 
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16’, 30, and 39”, respectively, the probable errors are 0%0075, 
The increase is probably due to 


0”0095, o”0160, and o%o145. 


the diffraction images caused by the small rotating sector. In 


TABLE TI 

Number in Boss | Mas. | spectrum | BM | Relative | PE. MOO ug Boss | ng vM | 2s 

Pht feta to eaeoneye 6.31 | Mb(G6) | 0%023: |—0%003 | a%007 | 18 |+0%021 |+0%022 |—otoor 
BAO vee earenne ily Bo 0.025 |+o.015 | 0.007 | 18 |+0.019 |+0.009 |+0.010 
Bo anes co vacdan ices 6.26 Fap 0.135 |+0.034 |-0.004 | 16 |+0.128 |+0.120 |4+0.008 
7 ae ae § 5.92 Go 0.058 |+to.0r8 | o.002°} 16 |-+o.055 |+o.043 |+0.012 
ET SOP iw cece | 6.00 Fo 0.083 | 0.000 | 0.003 | 18 |—o.013 |—o.0r7 |+0.004 
T2155 Glee oe eas 5.88. Mb* | 0.049 |+0.005 | 0.004 | 16 |+0.045 |+0.023 |+0.022 
TD OWiekscnsvenereeye 6. 22 Ko 0.048 |-+o.org) |} 0.005: | 18 |—o.038 |—o0.038 | O.000 
TO ZO pases aa loco var... F8 0.024 |+0.006 |.a.004 | 14 |—o.006 |+o0.018 |—0.024 
TSAGA tire ate 5.69 | Mb(Gog) | 0.019 |+0.008 | 0.003 | 16 |+0.0r9 | 0.000 |+0.019 
ANC s ouic ooo Or 5.93 Ki ©.090 |+0.008 | 0.007 | 16 |—0.090 |—o.a52 |—0.038 
2 SOO rai jeanne Ae 5-74 Ma* | 0.041 |+0.003 |.0.003.| 14 |—0.039 | 0.000: |—0.039 
ZOU T sroinckarior 6.05 Mc 0.023 |—0.006 | 0.005 | r6 |—o.o2r |+0.039 |—0.060 
BT ARES. wont sci 5.62 Ko 0.136 |+0.034 | o.006 | £4. |—0.095 |—0.056 |—0.039 
BEST akcrsrctenslocers 6.00 Ma* | 0.072 |+0.010 | 0.004 | 16 |—0.006 |—o0.008 |-++o.002 
BOO3 wievel el creieue 6.93 G3 0.246 |+0.010 | 0.016 | 16 |—o. 2197: |—a@. 207: |—0.. 010 
3 OS Okmtarccecscxte we 7a ell Se eee 0.230 |+0.031 | a.016.| 16 |—o.205 |—o. 226: |+0.021 
ALOSISteerseGia RAT Kg o.076 |+o0.014 | 0.007 | 16 |—o.00r |—o.006 |+0.005 
ASTI ede ertnte 5.37 F8& 0.009: |—a.00T | 0.004 | 16 |\—o.003 |+0.0r5) |—o.018 
AM OT niente 12.34 Fo 3.08 |++o..244 |'0.008'|' 16}. .....6. Ee ey (| Se 
tAnon. 2 2 APs a | Sale re meant w | Pere neers: —0.003.| O.00Q |: 16. |. AtrOSGIEET Ht. <2 ce 
PAnonsse ee EOS AB ig ly opavedes st swrenste|| sieget sere +-O.0LT! | Or cag) [)26I Kc. ne Oi OOD |lateic se = 
W.B. 4br18q...| 6.50 K4 r.25 |+e.1a7 |}.0.006 | 20 ll OBES OS PE a cae osc 
SAnone 4.00... 9.67 Mb TO5 3007-0 1510: -OnOOOM (ol On anemia On 2 Gill ieee: 
INS Gi @x6804". 1374) |/PLNebariesaae +o.a20 | o.003;| 18 |........ ==O.004 ||) eens 
HIN. G:@ 6008014115 er bleNebs nite eer +o.o0t3" |'o.002"| 18 |........ == ON ODEN Ine eens 
IIN.G.C.s 7008. .|z2:.8 -| Pl. Neb. |......... +O .OF4 |,O.0@4. 200]... .-- —QO 20M a aes 
INVG:C..7662: ro. g | PRNeb. fo... .. +o.021 | o.004| r6-|.,...... —o.003 |....... 


* Anonymous 1: @=ob 43™ 528, §=+4° 55’; u=3”0r, van Maanen;. mag. by. Seares. 


¢ Anonymous 2: a=2h 45™ 448, 6=-+22° 38’; mag. as given in the Carte du Ciel, Paris. 
t Anonymous 3: a=2) 45™ 54s, 6 =~++22°'37/; mag..as\given: by Burnham, Measwres of Proper Motion Stars. 
§ Anonymous. 4: ¢ =17» 52™548,6 =+-4° 28’; 4=10%30, Barnard; mag. by Seares. 
|| The magnitudes for the central stars of the four planetary nebulae are photographic, derived from counts 
of the number of stars. of’ equal and. brighter. magnitudes. and based on Table IV of Groningen Publications, 


No. 27. 


the case of single stars and of close doubles the diffraction pattern 
can be kept nearly symmetrical with respect to the hour circle, and 
thus. with the measuring thread; but this is not possible for double 
stars of large separation. The difficulty could be avoided by using 
a considerably larger sector, which on the other hand would have 
the great disadvantage of cutting out the nearest comparison stars, 
or by treating the components of such stars as separate objects. 
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Special notes may be made concerning the following fields: 

a) Anonymous 1, a=0%43™528, 6=+4°55’. In Publications 
of the Astronomical Society of the Pacific, December 1917, I 
announced that this star has a proper motion of 3”or annually; 
Seares found the photo-visfial and photographic magnitudes to be 
12.34 and 12.91, respectively. The spectrum is Fo. The abso- 
lute parallax of +07246 gives for the absolute magnitudes, +14.3 
photo-visual and +14.8 photographic. It is, therefore, by far 
the faintest F-type star known at the present time. 

b) Anonymous 2 and 3, a=2545™445, 6= +22°38’ and 

a= 2>45™54%, b= +22°37" 

In 1909 Puiseux™ announced that the second of the two stars has 
a proper motion of 07708 annually. Burnham, measuring this 
field in rgt0 and comparing the positions of some neighboring stars 
with those of the Carie du Ciel print of 1908 for this region, found 
that the first star, which he estimated to be of mag. 12.1, also has a 
considerable motion of 0787 annually. Both are entered in my list 
of stars with proper motions exceeding o’50 annually,” as Nos. 73 
and 72, respectively. The field was added to the parallax program 
of both the Dearborn and the Mount Wilson observatories. Com- 
paring a Mount Wilson plate of 1918 with the Carte du Ciel position 
of 1892, I found that Puiseux’ star showed no appreciable motion 
whatever, but that a third star, No. 26 of plate 382, showed a con- 
siderable displacement as compared with the catalogue position. 
I then requested Professor Frost to send me plates of the region 
taken with the 4o-inch refractor. He kindly forwarded two taken 
in 1911 and one taken in 1913, mentioning at the same time that 
Professor Slocum had measured the plates and that according to his 
records ‘‘they do not show that there is an appreciable motion.” 
Professor Barnard about the same time wrote that he had measured 
both stars, and that neither showed any appreciable motion. The 
position of the third star on the Mount Wilson plate of 1918 also 
agrees very well with those of the Yerkes plates of 1911 and 1913, 
and we must therefore conclude that none of the three stars has 
any large motion. The best explanation is that the position of 

* Bulletin Astronomique, 26, 416, 1909. 

2 Mt. Wilson Contr., No. 96; Astrophysical Journal, 41, 187, 1915. 
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star 26 of plate 382 of the Paris Carte du Ciel is in error by 0/3 in 
declination. In measuring the parallaxes of the stars of Puiseux 
and Burnham, I incidentally measured that of star 26, and found 
as the mean value for its relative parallax —0%023+0%008. 

c) Boss 1182. In measuring the parallax of this object one of 
the comparison stars was found to have a considerable proper 
motion; it was accordingly dropped for comparison purposes, but 
its proper motion and parallax were determined. The star is now 
placed on the regular parallax program. Its preliminary data are: 

a 1900=4553™118, 6 1900= + 39°13’ 
g=0%377 in p. 114°6 T= —0/010+0/006 
Photographic mag.=13.2 


d) W.B. 451189. This star was put on the parallax program 
at the request of Mr. Adams, as the value derived by him for its 
spectroscopic parallax, viz., -+o07%095, was irreconcilable with that 
published by Flint, viz., +o%290. Several other values of its 
parallax have now been published: Yale +0%104, Miller +0"111, 
and Mitchell +o0%124, all in good agreement with the Mount 
Wilson values. 


TABLE II 
DIAMETER 
N.G.C. m abs. m M 
Angular Light-Years 
2302 kiesni ciaeh erie +0%022 10.0 ap OY 46” 0.03 
O7 20; uensraetietetenrer +o.008 TA nO 80 0.16 
6804055 cine aacemeeee +0.022 haa --IO:1 22 0.02 
OQOG so iee este lets +0.015 I4.5 +10.4 47 ©.05 
FOOS's a:s.ctsraverehe east cteler +0.016 12.8 + 8.8 95 ©.09 
7OO2 snc sieve ste iahspc selene Oe +0.023 I2.9 ar Oy 31 0.02 


e) Boss 1629. This star is a Cepheid variable, its magnitude 
ranging from 5.0 to 5.9; through the use of the period-luminosity 
curve the absolute magnitude and thus the parallax was determined 
by Shapley to be +0%004.? 

f) In the third series of parallaxes results for the three planetary 
nebulae N.G.C. 2392, 6720, and 7662 were discussed. Material 


* Mt. Wilson Contr., No. 153; Astrophysical Journal, 48, 279, 1918. 
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is now available for six of these remarkable objects. This has 
been fully discussed in Proceedings of the National Academy of 
Sciences, 4, 394-396, 1918; a condensed summary of the results is 
given in Table II. 


a 


DISCUSSION OF SYSTEMATIC ERRORS 


The four series of Mount Wilson parallaxes now published can 
be tested for systematic errors by comparing the results with those 
from other sources. Several methods of procedure are open: 

a) A direct comparison with other observers. Fairly good 
parallaxes are available for sixteen objects. The earlier values for 
the nebulae N.G.C. 224 and 2392 have been omitted as too unre- 
liable. The parallaxes for the three Wolf-Rayet stars B.D. +35° 
4001, +35° 4013, and +36° 3956, published by Kapteyn,? have been 
corrected for a magnitude error. The results are collected in 
Table III, whose successive columns give the name of the object, 


TABLE III 

Object ™ others ™ van Maanen To TM Weight 

BOSS tS O2 Saye ieee aoe te +0%039 -+o"%o10 +0"029 0.6 
BO Sites tee e eels +0.035 +0.030 +0 .005 0.6 
Nowa Persel ser eect ! +0.015 +o.009 +o0.006 1.8 
WEB SAU TI SO rar tae Metis inde +o.116 +0.109 -++0.007 Tey, 
BOsstL020 rachis ts +o0.042 +o0.008 +0.034 0.9 
CLUS cere cis Soe TOSS 0.000 +0.001 —0O.001 0.9 
Barnard’s'star <. ot wie 2. ot ++o.506 +0.521 =0.015 2.0 
INE GAGO7 20.eeh tan onic iste +0.015 +0.004 -+-o.o11 0.9 
OSSASI 7. ere tr ote oe uae +o.010 +o.001 +0.009 0.9 
ASO tye ceicmea ce oiefete +0.048 +o0.046 +0 .002 3) 

ASOZS Spt Re ee ee +0.032 +0.044 —0.012 3 
BED iA Eanc1oor se ie ete —o0.006 +0.013 —0.019 Or2 
BS RAOL A Meee tna +o0.o11 +0.004 +0.007 0.2 
2063 O50 se cose eel ae +0.066 —0.003 +0.069 0.2 
BOSSiS43 3ilcie se ssa opat eee +0: 302 +0.327 —0.025 0.9 
GABA eo airemn aheranetheis tel ele.e +0.302 +0.322 —0..020 0.9 


the parallax by other observers, that by van Maanen, the difference, 
others—van Maanen, and the weight of the difference. The 
weights are of course functions of the probable errors of both values 


1 Mt. Wilson Communications, No. 56. 
2 Groningen Publications, No. 1, p. 81, 1900. 
3 Publications of the Astronomical Society of the Pacific, 28, 280, 1916. 
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of the parallaxes. For the Mount Wilson values the probable error 
0”0056 was used, except in the case of the wide double stars Boss 
592, 593, and Boss 5433, 5434, where, on account of the greater 
uncertainty for wide doubles mentioned above, the value o‘o10 
was used. The weighted mean difference 7 others—7 van Maanen 1S 
+o0"0013. 

b) It has been noted before’ that an error in the parallaxes will 
be reflected in the proper motions and vice versa. A second solu- 
tion was therefore made for each star appearing in Boss’s Pre- 
liminary General Catalogue, using Boss’s value for wu, in the equa- 
tions of condition; the resulting mean correction to the parallaxes 
of the ninety-two stars available is +-o70006. 

c) From Kapteyn’s tables in Groningen Publications, No. 8, 
we may interpolate the parallax of each individual star as a function 
of its magnitude and proper motion. The mean deviation of the 
parallaxes so determined, without regard to sign, is o’o11. The 
five stars showing deviations exceeding o”o050 are collected in 
Table IV. The spectroscopically determined parallaxes, kindly 


TABLE IV 
Boss P.G.C. ™ Kapteyn ™ Adams ™ van Maanen ™K —TyM 7A—TyM 
2021 er ere +o"o19 +0013 +0080 —o061 —0o"067 
BOO wersncrsiaiere +0.040 +0.060 +0.098 —0.058 —0.038 
SASS anes ensue 0.275 Omen Ons 277 —0.052 +0.004 
SAB Ate cyctieversts +0.255 0.331 +0.322 —o.067 +0.009 
OT 20 ease +0.042 +0.138 +0.099 —On057 +0.039 


supplied by Mr. Adams, are also included. The last two columns 
give the differences 7 Kapteyn — 7 van Maanen and 7 Adams — 7 van Maanen. 
For Boss 2921 and 3650 the differences are all so large that we must 
admit the possibility of a considerable error in the directly measured 
parallaxes; both stars have therefore been placed on the program 
for redetermination. For the following discussion they have been 
rejected. For Boss 5433 and 5434 the large difference 7 Kapteyn— 
7 van Maanen 1S likely due to the uncertainty in the parallax derived 
from Groningen Publications, No. 8. When the proper motion 
is exceptionally large, as is the case with the stars in question 
* Mt. Wilson Contr., No. 136, p. 37, 1917. 
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which form the well-known double 61 Cygni, the tables of Kapteyn, 
which refer to mean values, cannot be expected to give close 
approximations for individual stars. These stars are accordingly 
omitted from the comparison with Kapteyn, but are retained 
for the rest of the discussion. For Boss 6129 no obvious explana- 
tion of the large differences is available and the star is retained 
throughout. 

In order to investigate a possible dependence of the Mount 
Wilson parallaxes upon the right ascension, the remaining eighty- 
nine stars were divided into groups covering three hours each; 


TABLE V 

a *K—TyM n Wt 
Ol Doe ee reenter +ooo1 15 33 
Ba ee ene sie ini —0,002 9 20 
On aS cieereeicnie hers —0.001 13 30 
GQeHLON crc ns ciao een +0 .003 I2 18 
1 ie Ve BGO Ook —0.012 Gi 12 
TF vate encraiel siensteys —0.002 12 22 
EQ =2O%. cise «wists 90510 —0.003 II 21 
CX ioe RE cpr ean Oe ©.000 10 13 


Table V gives the mean differences and the numbers of stars n. 
These results show no systematic error which is a function of the 
right ascension. Taking into account, in the case of stars of large 
proper motion, the larger deviations of the individual parallaxes 
from Kapteyn’s formula, the weighted mean difference 7x—7ym is 
—=—O7 001: 

To compare the results with the formula 


1.54 
7 =(0.905)™-5:5V'0 0262 


used by Kapteyn for stars of type II," the stars of this type were all 
reduced to the same magnitude. Since most of them have magni- 
tudes between 5.0 and 7.0, they were reduced to magnitude 6.0 
with the help of Tables 45-48, Groningen Publications, No. 29; 
for the few stars fainter than 7.0 it was not thought wise to apply a 
correction for magnitude; it seemed better to omit them altogether. 


* Groningen Publications, No. 8, p. 24, 1901. 
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The results are given in Table VI and illustrated by Figure 1, 
from which the last two values of the table based on two stars and 
on one star, respectively, are omitted. The curve represents the 
mean parallaxes according to Kapteyn’s formula for magnitude 6.0. 
The agreement with the Mount Wilson parallaxes is extremely 
close, especially for the smaller values of the proper motion. 


TABLE VI 

7 ™ Kapteyn ™ van Maanen ™K-—TyM m wt 
QUO 2 lehners sisyoyefencerkets +0"%0051 +0"%0042 +00009 10 30 
OvOZOU Naru sernsieuener 0.0070 +0 .0077 —0.0007 be) 29 
OR O83 Fs ecicsc vores teasers aoe +0.O0105 +0.0093 +o0.0012 bite) 22 
OL OS SAMO age +0 .0136 +0.0130 +o .0006 Io 20 
OLO7 Oe weruisyar sae mice +0.0159 +0.0202 —0.0043 be) 17 
ONOQOMGE Soyo searorerousene +0.0187 +0.0237 —0.0050 Io I5 
Onl 300 ater ee aie +0.0244 +0.0233 +o.oo1! b fe) Io 
OR27 AR. tra wane eperee +0.0385 +0.0451 —o.0066 7 3155 
O00 Zine scrnackerrelantens +0.0670 +0.0445 +0.02I15 2 0.4 
Te 2 SOs re nt cikeneeserstore Or 1035 +o0.11IO —0.0075 tr o.I 


o”00 0” 04 0”08 of12 0” 16 0” 20 o” 24 0” 28 


Fic. 1.—Comparison of Mount Wilson parallaxes with Kapteyn’s formula for 
mean parallax. Abscissae, proper motion; ordinates, mean parallax. The curve 
represents the formula for stars of magnitude 6.0. 


The table shows that the difference 7x —7ym is independent of 
the amount of proper motion. For the 80 sécond-type stars with 
magnitudes 5.0 to 7.0 the mean difference is —0”0008. 

d) We can derive M, the mean absolute magnitude, and V, the 
mean 7-component of the proper motion expressed in kilometers 
per second, for different groups of stars and see how these values 
agree with our present knowledge of intrinsic brightness and 
stellar velocity. For this purpose the stars were subdivided into 
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two groups, including types F and G, and K and M. Each group 
was further subdivided according to proper motion, with limits 
0“ 000 to 07049, o7050 to 07099, 0” 100 to 0” 199, and 0200 to 0” 499; 
M and V were then computed by: 


M=s5 log +5—5 log 1070-2 

aes 
The first formula, based on the supposition of constant absolute 
magnitude, is due to Mr. Strémberg. M and V were derived for 


three values of the parallax, viz., =7aps, 7:=Tabs.—07003, and 
T2=Tabs.-0”7006. The results are shown in Table VII. 


TABLE VII 
07000-07049 07050-07099 07100-07199 07 200-07 490 
PARALLAX M V M V M V M V 
1 
Stars of Types F and G 
Mi —Fabseets ey etc ——OnLE ed |} Sanayi 18 sree || Bek |) sez ge II 


T1=Tabs. —07003} —1.50 20 +0.79 23 +2.90 16 +4.39 I2 
%2=Tabs. —0.006] —6.71 | 216 | +0.03 | 34 | +2.56] 19 | +4.24] 13 


INOS Stars tee on.c: 10 7 14 6 


Stars of Types K and M 


:=Tabs. —0”003| —0.23 I4 +2 .63 I2 SAP |) Be +6.46 4 
%2= Tabs. —07006| —1.83 | 29 | +2.31 | 13 | +1.80] 44 | +6.23 4 


INGOs Starsiie ers. 23 20 ® I 


For the larger proper motions the changes in M and V produced 
by modifying the parallaxes are slight. For these groups, therefore, 
the comparison gives no indication as to the systematic errors in 
the parallaxes. But for the first group, including the smallest 
proper motions, which must consist almost exclusively of giants, 
the case is different. When the parallaxes for these stars are cor- 
rected by —o%0o6, the resulting values of M and V are quite 
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incofnpatible with our knowledge of these quantities. For the 
F and G stars t =7aps, yields decidedly better results than 7:= Taps, 
—o"003; for the K and M stars 7; seems to give results a trifle 
better than 7. From this we might conclude that the systematic 
correction to the Mount Wilson parallaxes is —o”0o01 or —o%oo02. 

e) Since the spectroscopically determined parallaxes are in 
process of revision, a comparison with these will be postponed to 
a later paper. 

f) An investigation of the systematic errors of different 
parallax observers has recently been made. The discussion is 
based on all the directly determined parallaxes of stars whose 
magnitudes, spectral types, and proper motions are known; in all, 
1538 observations of gor stars were available for this purpose. 
The result for the Mount Wilson parallaxes is, that they seem 
to require a correction of —o’oo2 to reduce them to the mean 
system defined by the measures of all the observers. 

Summarizing the points discussed under a to f we may conclude 
that the systematic error of the Mount Wilson trigonometric paral- 
laxes does not appear to exceed o”001 or 0%002; it seems to be 
independent of both right ascension and proper motion. 


I wish to express my acknowledgment to Mr. Hoge and Mr. 
Humason for their valuable aid in securing the plates, and to Miss 
Coral Wolfe, of the Computing Division, who has performed a 
large share of the necessary computations. 
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Pl. No. 


1568... 
1638r. . 
16382. . 
1670... 
1865r. ‘. 
18652. . 
18606... 
1870r. . 
187Q2.. 
1893r. 
18932. . 
IQIgQ... 
2026r.. 
20262. . 
2952-37 
BOOB Ls. 


Anonymous 1 a=0b43™5 28 b6=+4°55’ (u=3”, van Maanen) 
Date t Obs. Qy p m Remarks 
tot7 Oct. 8 |— 3°90 | vM g |—o.053 |+2.77 | Trail of Boss 171 
DCC Sear te si evNL fg |—o.816 |+2.94 
Sitrs3-| >a fg |—0.816 |+2.9 
1918 Jan. 6 |+13.5 | vM g |—o.gor |+3.02 | Clouds, 25™ exp. 
Aug. 12 |— 6.7 | Hum g |+0.739 |+3.62 
I2]/— 2.5 | vM g |+o.739 |+3.62 
12 |+ 1.7 | Hum £ |-+-0.730 |-+-3.62 
13 |—14.5 | vM g |+0.731 |-+3.62 
13 |—10.2 H fg |+o0.731 |+3.62 
| Sept. 2 |/+ 1.5 | Hum] fg |+0.493 |+3.67 
2\|+ 6.2} vM fg |+0.493 |+3.67 
4 |+10.5 | vM g |+0.459 |+3.68 
Nov. 10 |+ 8.0 H g |—0.534 |-+-3.86 
to |+12.0| vM g |—0.534 |+3.86 
26 |— 6.5 | vM f{ |—0.714 |+3.91 | 20™ exp. 
27 |—12.5 H f |—0.724 |+3.91 | 20™ exp. 
Mor.-Ev. Ap Am M v At 
1865:-1568....| +o0.79 | +0.85 | +727 —sr | —3°7 
18652-1638:...] +1.56 | +0.68 | +764 +2 —4.0 
1866 —16382...| +1.56 +0.68 | +775 +13 —3.8 
18791-2055....| +1.46 —0.29 — 24 —18 —2.0 
- 48707-2052... .| --1.45 —0.29 + 2 +10 —3.7 
18931-20261. ..} +1.03 —0.19 +o 2 = th —6.5 
18932-1670....| +1.39 | +0.65 | +735 +22 | —7.3 
IQIQ —20262...} +0.99 —o.18 a2 5 TE =—te5) 


STELLAR PARALLAXES 


+2.31 Met 2.487=+2150 
+2.48 pat13.707T=+ 3964 


w =+149.8=+07244+0%008 
Ma=+777.1=+17267+0%020 


Comp. Star 
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If 


ADRIAAN VAN MAANEN 


12 
Boss 217, a =054™308 = 6 = +5°57’ 
Pl. No Date t Obs. Qy p m Remarks 
1145...|1916 Nov.16 |+ 4°5 | H g |—o.579 |+1.88 | Clouds, 20™ exp. 
TI40:) 6 16 |+ 9.5 | vM g |—o.579 |+1.88 | Clouds, 20™ exp. 
1168:. . 17 |+ 7.0} vM fg |—o.592 |+1.88 | Thick, 25™ exp. 
11682. . 17 |+13.2 H fg |—o.594 |+1.88 | Thick, 25™ exp. 
T521x..|1917 AUS. 12-\4-8 250) Ve fg |+0.767 |4+2.62 
D5 2Tor 12 |+ 7.0 H g |+0.767 |+2.62 
1652.../1918 Jan. 5 |+15.5 | vM fg |—0.907 |+3.02 
1880,.. Aug. 13 |— 6.0} vM g |+o.76r |+3.62 
18802. . 13 |— 1.7 H g |t+o.761 |+3.62 | Trail 
IQO51.. Sept. 3 |+ 8.0 | Hum f |+o.522 |+3.68 | Clouds, 25™ exp. 
19052. . 3 |+15.0| vM f |+o.521 |+3.68 | Clouds, 23™ exp. 
1918... Tice Pee) |p el & |--0.507 |--3.68 
19321.. 5 |+ 1.0] vM g |+o0.495 |+3.68 
19322.. 5 lt 5.5 H g |+0.495 |+3.68 
2025:.. Nov. 10 |— 5.0 ial g |—o.497 |+3.86 
20252.. io /— r.0} vM | g |—o0.407 |+3-86 
20411. . Ir |— 7.5  vM g |—0.509 |+3.87 
20412. « ET) | es On meee g |—0.509 |+3.87 
Mor.-Ev. Ap Am M D At Remarks 
1880;-20417.....- +1.27 | —0.25 + 3 + 8 +1°5 
T8803=20257- eel +1.26 | —o.24 —4 + 1 +3.3 
T0327-204 Ione --1.00 | —0.19 —I0 —5 +4.0 
TOLSi—T LAS cg. +1.09 | +1.80 +22 ° —2.5 
DS 27-2025 aie evel: +1.26 | —1.24 —31 —1I2 +3.5 
TO327-DDOSr eee +1.09 | +1.80 +12 —T0 —1.5 
BOA SUA sec +1.35 | +0.74 —20 — 28 =—255 Star 5 not meas- 
ured 
1QO5:-11682...... =|-1.02 | 1-80)" 4-20 —1 | —5.2 
TOQO5a—105 25. «1. ek +1.43 | +0.66 +48 +41 —0.5 
12.41 pot §.517=+157 T =— 1.6=—0%003+0%007 


+ 5.51 Ma+13.287=+ 53 


Pa=+13.4=+0%022+0"007 


Comp. Star 


186 


STELLAR PARALLAXES 


+12.23 et 7.667=+134 
+ 7.66 Met17.31T=+195 
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20™ exp. 
20™ exp. 


Remarks 


Trail 


13 


Clouds, 20™ exp. 
Clouds, 20™ exp. 


20™ exp. 
20™ exp. 
g™ exp. 


00ONMOWRNA 


Boss 340 a=1h28m208 §6=+36°43’ 

Date t Obs. Qy p m 
.{t916 Nov. 18 |+ 3°25 | vM f |—0.492 |+1.89 
18 |+ 9.0 *vM f |—o0.492 |+1.89 
Dec. 16 |+ 0.5 | vM fg |—0.797 |-+1.096 
: 16. |-+ 5.0 H 2 |=—30.707 |-Fr.¢6 
.jt9g18 Aug. 12 |— 3.2 | vM g |+0.851 |+3.62 
12 |-+ 0.7 | Hum g |+o0.851 |+3.62 
13 |— 3.0| vM fg |+0.843 |+3.62 
13 |-+ 0.5 H f \J+0.843 |+3.62 
Sept. 2 |+ 2.5 | Hum} fg |+0.652 |+3.67 
2\/+ 7.0} vM fg |+0.652 |+3.67 
3 |—14.0 | Hum] fg |+0.642 |+3.68 
3|\— 9.0] vM fg |+0.642 |+3.68 
4 |+ 6.0 H fas |+0.629 |+3.68 
Nov. 26 |— 9.2 | H f |—0.5§87 |--3.91 
26 |— 3.5 | vM f |—0.587 |+3.91 
a7 i= G-5 | VME >| fe" | 0.500113. of 
Dec. 9 0.0 | vM fg |—0.731 |+3.94 
ore ge Pr fg |—0.731 |+3.94 

Mor.-Ev. Ap Am M 0 
1904:-2056....| +1.24 —0.23 —1 II 
19042-20531. ..| +1.23 —0. 23 =I —21 
18671-20532...| 1.44 —0.29 +46 +35 
1881,-20607...| +1.57 —0.32 2 —I0 
18672-11761. ..| 1.34 +1.73 +14 —7 
1894:-20602...| 1.38 | —0.27 15 +4 
1920 -11892...| +1.43 +1.72 — 5 —27 
18942-11762...| 1.14 +1.78 +41 +21 
18812-11891. ..| +1.64 | +1.66 SPS +13 


w =+8.9=+0%015+0%007 
Ma=+5.4=+0%009+0"008 


14 ADRIAAN VAN MAANEN 


Boss 373= Bu 870 a=rhg5m448 6=+25°14’ 


Pl. No. Date t Obs. Qy ~ m Remarks 

1207;..|1916 Dec. 17 |— 3:5| H g |—o.792 |+1.96 

T2 OVA 17 |+ 0.7 | vM g |—o.792 |+1.96 

1228;.. 18 |— 6.5 H g |—o.800 |+1.97 

122820 18 |— 2.0} vM g |—o.800 |+1.97 | Trail 

T546;.:/1017 Sept. toni tOronlmvVe fg |+o0.539 |+2.70 

1546o. . 135 | On H fg |+0.538 |+2.70 

15471. . 13 |— 1.0] vM g |+o.538 |+2.70 

15472. . 13 (+ 3.7 | H=| gas: |+0.538 |-4-2570 

1557x- . UL | ok H fg |+0.525 |+2.71 

E55 7a 14 |+ 2.7] vM g |+0.525 |+2.71 

1630x. - Dec. 8 |— 0.5 | vM —o.705 |+2.94 

16302. . bo tet ah) H fg |—o.707 |+2.94 

1854:../1918 Aug. 11 |— 8.0 | Hum g |+0.871 |+3.61 

18542.. Ir |— 3.7 | vM g |+0.871 |+3.61 

2050x. . Dec. 9 |—12.0 | vM fg |—o.714 |+3.94 

20502. - Oe ate it ke fg |—0.714 |+3.94 

Mor.-Ev. Ap Am M v At 
1546r-2050:...]| +1.25 | —1.24 | — 84 —19 | +2°%0 
18541-20592..-] +1.59 —0.33 + 9 ° —0.5 
15462-1228;...| +1.34 +0.73 + 80 —2 +0.5 
18542-1207:...| +1.66 1.65 +145 Si —0.2 
155 7x1 2282-15|) tel - 33 +0.74 + 83 + 1 +0.5 
15471-16301. ..| +1.24 —0. 24 + 22 +14 —0.5 
Maley Ps coll Grin +0.75 + 88 +5 +2.0 
15472-16302...] +1.25 —0.24 + 24 +16 0.0 
+6.13 Mat 3.027=+514 mw =+20.9=+07034+0%004 
+3.02 Mat15.267=+540 Ma=+73.6=+07120+0"006 


The 10“6 companion, being covered by the sector, does not show images on the 
plates. 


Comp. Star Br. x y 7 P.E. 
Lame toner f +0/4 +3/3 | +oo11 +0"007 
DiS etot en ateae b +2.3 +5.6 +0.002 0.009 
Sa iaitete ae f +3.7 ROA || —O.Coe 0.006 
A Sopevtomea’- ff +5.9 —4.3 —0.002 ©.007 
ee ete bf —3.6 —5.9 | +0.004 0.011 
OP cece f —5.6 —1.4 | +0.007 0.006 
Ticwasees f —3.7 +1.1 —o.o18 0.012 
Se eacaetnee bf —0.4 +1.2 —0.002 +0.006 
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STELLAR PARALLAXES 15 
Anonymous 2 a=2bgcmy 4s 6 =+22°38' 
3 a=2h45™s48 6=+22°37’ 
Pl. No. Date t Obs. Qy p m Remarks 
1640r../1917_ Dec. 8 |— 5°0 |, vM € |—o0.504 |+2.094 
1640... 8 |— 0.7 r H fg |—o0.504 |+2.94 
170I...|1918 Feb. 3 |+13.5 | vM fg |—o.941 |+3.10 | Thick, 20™ exp. 
Trail of Boss 674 
ny iohee 4 |+13.0 | vM fg |—o.940 |+3.10 
TO2Tc: Sept. 4 |— 6.5 | vM fg |+0.850 |+3.68 
1922... 4 |+ 3.0] vM fg |+0.848 |+3.68 
IQ35r-. alam cocvaa| day fg |+o.841 |+3.68 
19352. - 5 i+ 7.7 H fg |+o0.841 |+3.68 
1946:. . 28 5\— 13 a7a a EL fg |+o.509 |+3.75 
1946o. . 28 |—10.0 | vM fg |+0.598 |+3.75 
IQ53r.- 29 |+ 2.2 H fg |+0.585 |+3.75 | Hazy, 20™ exp. 
19532.. 29 |+ 7.5 | vM g |+0.585 |+3.75 | Hazy, 19™ exp. 
2062:.. Dec. 9 |+ 3.0! vM fg |—0o. 515) |-3-04 
20622. . 9 |+ 7.0 lel fg |—o.s515 |+3.04 
2007:. . 28 |— 9.0 H fg |—0.745 |+3.99 
20072. S 28 |\— 5.0 | vM fg |—0.745 |+3.90 
‘ q M v 
aie iy. sad ae (72) (73) (72) (73) a 
TOIT —TO4Or sn. «ss +1.35 | +0.74 | —1I — 5 —14 — 7 | —1%5 
1922 —-1640...... +1.35 | +0.74| +16 +41 ang SPS) || She 
10351-20022. ....- +1.36 | —o.26 | +12 +38 +16 26) | =3°-3 
TO352-1720-.-.2.- ait oyech |) seers IP Get ie) +10 ey || 58 
TOAGr—200 71. -. 3. Spey || Sew —46 —24 —42 a3) 4.7 
19462-20972...... +1.34 | —o.24| —21 +16 iy sr |) Shee 
19531-2062;....... +1.10| —o.19 | +46 +26 +49 jt 7> O08 
TOS 32 E7O Deri ee arg sF | arer Os = Fee saute) —14 —6.0 
+2.090 wet 2.827=+9 (2) Fi (3) 
+2.82 wat1s.80r=—8f ” +80f 8 


) 7 =—1.6=—0%003+0%009 
(2 vo=+6.5=+0"011+0"026 


(3) mw =+6.8=+0"011+0"%009 
Ma=—9.7= —0%016+0%023 


Comp. Star Br. x 

Te heeager scart f +o0/8 
Pi mee kate bf +1.2 
Petes ere bf +0.8 
ADS MPD cae bb +4.8 
I i Atsicn chy: ff +3.8 
Onsen bf +5.2 
Pe pect acts f +2.5 
Spar veers bf +1.1 
One ee ome f +1.2 
TOua ere f —1.0 
Ligh ert ff —4.4 
DDinniegs eee f —6.0 
1a Sa AGERE bf —2.7 
LAiocye ease b —6.9 


LO WHYOKANO ANE 


7 P.E. 
—olo17 | oor 
+0.029 0.012 
—0.036 0.007 
+o0.021 0.005 
—0.027 ©.007 
+0 .033 0.014 
—0.020 °.006 
+0.003 0.012 
—0.025 0.009 
+0.013 O.O1L 
+0.006 0.005 
—0.026 0.014 
+0.028 0.009 
+o.018 +=0.012 


16 ADRIAAN VAN MAANEN 


Boss 889 a=3546™248 6=+48°21’ 


Pl. No. Date 1 Obs. Qy p m Remarks 


710...|1915 Sept. 29 |—10°7 C fg |+o.781 |+0.75 
; 29 


TEL — 6.2| vM g |-+0.780 |+0.75 
Hives 29 |— 0.5 Cc fg |+0.779 |+0.75 
72 ess 30 |—11.0 | vM g |+0.768 |+0.75 
788...|1916 Jan. 3°>}— 025 H { |—o0.659 |+1.01 | Hazy, 20™ exp. 
1654:..|19018 Jan. 5 |— 7.2 H fg |—0.689 |+3.02 
16542 5 |— 3-2 | vM fg |—0.689 |+3.02 | - 
1655. Glee etarl |) Je! fg |—o.690 |+3.02 | Trail 
1672: 6 |— 5.0 H fg |—o.702 |+3.02 | Hazy, 25™ exp. 
16722. . 6 |+ 1.5 | vM fg |—o.702 |+3.02 | Hazy, 25™ exp. 
1683r. . Feb. 2/— 4.7 | vM fg |—o.926 |+3.09 
16832.. 2|— 0.7 H g |—0.926 |+3.09 
1948r.. Sept. 28 |— 3.0] H fg |+o.787 |+3.75 | Clouds, 20™ exp. 
19482.. 28 |+ 2.0] vM g |+o.787 |+3.75 | Clouds, 16™ exp. 
1979Q1-- Oct. 14 |— 6.0) H fg |+0.598 |+3.79 
197Q2.. 14 |— 2.0] vM fg |+o.598 |+3.79 
Mor.-Ev. Ap Am M v At 
727-1654:...| +1.46 | —2.27 —55 —12 | —3°8 
710-1672;...| +1.48 —2.27 —47 —4 —5.7 
7II —1683:...| 1.71 —2.34 —37 +5 —1.5 
1948:-16542...| +1.48 | +0.73 +39 +4 | +0.2 
197Q1-16832...| +1.52 +0.70 +29 — 6 —5.3 
19702- 788....| +1.26 | +2.78 +85 =a fh |) teks 
19482-16722...| +1.49 +0.73 +40 +5 +0.5 
72 —TOSE eet Lie Ay, a7 —35 + 8 — 2.2 
+30.21 Me— 7.287=+4711 w =+11.0=+07%018+07002 


— 7.28 fett7.7Im—=+ 5 Ma=+26.2=-+0"043 07002 


Comp. Star Br. ie y v P.E. 

be reir f +1/o +1/6 | +o%ors +0008 
7S f +1.4 +1.8 —0o.010 0.008 
Glen Oibiens bin f ares 2.7 —0.002 0.007 
A Nee bf 4.5 +1.0 0.000 O.OIL 
Sorshsistanters bf +4.1 —2.7 —0.003 0.009 
Oe Gti or bf +o.1 —4.7 | +0.004 0.003 
erase ane bf —2.3 —5.1 | —o.0o1 ©.006 
SA ees: f —3.4 —1.6 +0.006 0.006 
Qaramiarioets b —3.3 +1.8 —o.018 0.008 
LO aerate bf —3.2 +1.8 | —0.009 0.005 
Theses ff —— 250 +3:8 | --0.0r7 +=9.009 
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STELLAR PARALLAXES 17 


Boss 1182=Bu 2445 a=4bs53™268 b= 30°15’ 


Pl. No. | Date t Obs. Qy p m Remarks 
2 
362:..j1914 Oct. 15 |—13°0 | vM g |+0.787 |—o.21 
3622.. 15 |— 8.5 Cc fg |+0.787 |—o. 21 
363:.. I5 |— 2.0] vM g |+0.787 |—o.21 
3632... 15 |+ 2.5 CG fg |+0.787 |—o.21 | Trail 
794.../1916 Jan. 11 |— 2.0] vM f |—0.573 |+1.03 
1682;..|/1918 Jan. 7 |+ 4.5 | vM tf |=0.524 \--3%02 | 25™ exp; 
16822. . 7 |+-2r.0 H f |—0.524 |+3.02 | 25™ exp. 
1684:.. Feb: 2 /—11.5 | vM fg |—0.836 |+3.09 
16842. . 2|— 7.5 H g |—0.836 |+3.09 
1685:.. SPS |p NE g |—0.838 |+3.09 
16852.. 2 |+ 1.7 H g |—0.838 |+3.09 
1702:.. 3 |—10.2 H fg |—0.847 |+3.10 | Thick, 20™Jexp. 
17022... 3|)— 4.7| vM fg |—o.847 |+3.10 | Thick, 20™,exp. 
TQ8ox. . Oct. 14 |—11.5 | H fg |+o.797 |+3.79 
19802... 14 |— 7.2 | vM | fas |+0.797 |+3.79 
2004:.. 28 |+ 0.5 | vM f |-0.630 |-+-3.83 | 20™ exp. 
20042. . 28 |+ 5.5 H fg |+0.628 |+3.83 | 20™ exp. 
2017... 29 |+12.0 |} vM fg |+o.614 |+3.83 
Mot.-Ev. Ap Am M v At 
362;-1684:...| +1.62 — 3.30 +30 — 6 | —1%5 
1980;-1702;...} +1.64 +0.69 + 6 +12 —1.3 
3622-16842...| -+1.62 —3.30 +45 +9 —1.0 
19802-17022...| +1.64 +o0.69 — 7 —1I —2.5 
2004;-10851...| + 1.47 +0.74 —20 —12 +2.7 
Rie Gy bag Al) Spek |p aEBeY +18 ap & 0.0 
3632-10852. ..| +1.63 —3.30 +30 — 6 | +0.8 
2004,-1682;...| 1.15 +o.81 —25 —16 +1.0 
2017 -16822...| -+1.14 +o0.81 + 4 +13 +1.0 
+37.04 Wa—12.57 T= —4O2 aw =+ 0.3=0%000+0%003 
—12.57 Mat19.91I7=+141 ba=—10.7=—0%017+0"%002 


The 9“7 companion, being covered by the sector, shows no measurable images on 
the plates. 


Comp. Star Br. x y 7 P.E. 
Dereysraes orecey? bf +5/9 +4'5 | —ovo15 | +0%006 
ORs ears Oty O f +6.0 —O.1 +0.009 ©.004 
Bis Sera OCR f +4.9 —1.2 +0.003 0.012 
Alene ie ieee bf +0.3 —5.4 | +0.002 0.007 
ent Cir cicke bf —2.9 —4.9 —0.004 0.006 
OMe eS fers f —1I.4 +o.7 —o.016 0.006 
Ue aNe to ste tevens f —1.2 +3.4 | +0.022 0.006 
Sits suse ante bf —7.1 +5.5 —0.001 =0.006 


IQI 


18 ADRIAAN VAN MAANEN 
W.B. 451189 a= 4bheomoys = — 5°52’ 
Pl. No. Date t Obs. Qy p m Remarks 
347x..|1914 Oct. 14 |—13°0 | vM g |+0.803 |—o.21 
3472. . 14 |— 8.2 H g |+0.803 |—o.21 E 
348... 14 |+ 2.5 | vM g |+o0.803 |—o.21 | Trail 
714.../1915 Sept.29 |— 2.5 | vM fg |+0.931 |+0.75 
715... 29 |+ 1.7} vM g |+o.931 |+0.75 
8o05.../1916 Jan. 12 |+ 4.0 | vM fg |—0.579 |+1.04 
806... r2 |+ 8.2| vM fg |—o.579 |+1.04 | Clouds 
Siz... Feb. 24 |+12.5 | vM g |—o.970 |+1.15 | Hazy, 20™ exp. 
TOSOr4¢|LO18m Jane Sn OnOm amen fg |—0.484 |+3.02 
16562 5|— 3.5 | vM g |—0.485 |+3.02 
1657: 5 |+ 2.2 H fg |—0.485 |+3.02 , 
16572 5|+ 7.0] vM g |—0.485 |+3.02 | Trail 
16731 6 |— 7.0 H fg |—0.499 |+3.02 | Hazy, 25™ exp. 
16732 6 0.0 | vM | gas |—o.499 |+3.02 | Hazy, 25™ exp. 
1674. Me ap oe) |) le! g |—o.499 |+3.02 | Hazy, 25" exp. 
1982r Oct. 14 |+ 8.7| H g |+o0.802 |+3.79 
19822. 14 |+13.0 | vM fg |+0.802 |+3.79 
2016r. 29 |+ 1.0} vM g |+0.623 |+3.83 
20162. 29 |-+ 5.7 H g |+0.623 |+3.83 
2032.. Nov. 10 |+10.2 | vM g |+0.450 |+3.86 
Mor.-Ev. Ap Am M v At 
3471-1656r...| +1.29 | —3.23 | —1006| + 6 | —s5°%0 
3472-1673r...| -+-1.30 —3.23 —1002 +13 —1I.2 
714 —-10563...| <-1.42 —2.27 — 718 —38 +1.0 
TESTO 2 ets —2.27 — 651 +26 aro 
348 -1657:...| +1.29 —3.23 —1028 —12 +0.3 
2016;— 805-...| 4-1.20 || =-2.70 +1027 — 2 —3.0 
20162-16572...| -+1.11 +o.81 + 379 +30 —1.3 
2032 -1674....| +0.95 +0.84 | + 318 —=30) || =-2).2 
1982:- 806....| +1.38 +2.75 +1044 +17 +0.5 
I982.- 812....| +1.77 +2.64 | + 999 —16> | =+-0.5 
+65.27 Ma— 5.49 7=+21860 mw =+ 65.4=+0"107+0"006 
— 5.49 Mat17.67m7=— 714 Ma=+340.4=+07555+0%003 
Comp. Star Br. x y 6 Pape 
Lire nets f +017 +3'6 —o"o18 +0005 
PRM Pie ff Sree +3.2 +o.006 0.010 
ah EST bf +4.4 +o0.8 0.000 0.008 
Alichenetnateres ff +2.6 —4.9 -++o.oo1 0.006 
5 dutencce wisi b 4.3 —403 —0.003 0.007 
Ouesenei f —2.3 —0.7 ©.000 0.008 
SANG bf —3.8 +0.5 | +0.001 0.006 
Sak oes f —2.3 +2.2 +0.014 0.008 


STELLAR PARALLAXES 19 


Boss 1256 a=shrrm7s 6=+42°4r’ 


Date t Obs. Qy p m Remarks 
1916 Oct. 21 |+ 3°5 | vM fg |+o.766 |+1.8z | Trail of asteroid 
i (31), 20™ exp. 
: ar |+11.2 H fg |t+o.764 |+1.81 | 20™ exp. 
.|t9t7 Feb. 13 |+ 6.2] H fg |—o.898 |+2.12 | 20™ exp. 
13 |+13.0 | vM f |—0.898 |+2.12 | 20™ exp. 
Oct. 8 |+ 4.2 | vM fg |+o.890 |+2.77 
: 8 |+ 8.5 | vM fg |+0.890 |+2.77 
.|tor8 Eeb. 3 |— 2.2 H fg |—o.810 |+3.10 | Thick, 20™ exp. 
3 |+ 3-5'| VM g |—o.810 |+ 3.10 | Thick, 20™ exp. 
4 |--16.5 H fg |—o.818 |+ 3.10 
4 |—12.0 | vM g |—o.818 |+ 3.10 | Trail 
Mar. 3 !+ 7.7] vM g |—0.981 |-+-3.17 | 20™ exp. 
3 |+14.7 | Hum] fg |—o.981 |+3.17 | 20™ exp. 
Oct. 14 |— 5.5 H fg |+o0.842 |+3.79 
14|]— 1.5 | vM fg |+0.842 |+3.79 
28 |—11.2| H £ \+-0..686 |--3.83) | 20" exp: 
29 |+13.2| H g |+o0.674 |+3.83 
Mor.-Ev. Ap Am M v At 
2003 -172Ix...| +1.50 | +0.73 +50 +35 | +5°3 
IQ8Ir-I72I2...| +1.66 | +0.69 +15 oO |) 025 
19812-1703r...| +1.65 +o0.69 = —22 +0.7 
I134:-12751-..| +1.66 O13 —4 = 9 —2.7 
1576:-17032...| --1.70 —0.33 +9 + 8 | +0.7 
IAD ety a on | +1.87 —0.40 + 4 + 4 +o.8 
EE347—17,2000 0 0| 75 —1.36 —I19 — 6 —3.5 
2018 —12752...| +1.57 1.71 +20 — 9 | +0.2 
+6.63 fat 1.877=+ 98 w =+ 3.3=+0%005+0%004 
+1.87 fa+22.407=+ 101 pa=+13.9=+0%023+0%008 
Comp. Star Br. x y T P.E. 
Teepe ceteris bf +1/2 +4'7 | +0%013 +07003 
Wo agate: oes f +2.5 +2.5 —0.014 0.004 
EARS CHRO EE bf +2.6 —o.4 | +0.004 0.005 
Aware ours f +3.3 —7.4 +o.o1f 0.002 
Ge Pte Sion © bf +o0.4 —3.4 —0.022 0.003 
ORES Cun f —I.4 —2.6 +o.o10 0.006 
ibe Seeger bf —4.0 +1.4 | +0.007 0.008 
Sides bf —3.0 +2.1 —o.012 0.008 
Dirk elope: f —1.9 +4.3 +o0.004 =+90.008 
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20 ADRIAAN VAN MAANEN 


Boss 1267=Bu 2644 a=5"13™208 6=20°2' 


Pl. No. Date t Obs. Qy p m Remarks 

298...|1914 Oct. 11 |— 3°0 H g |+o.873 |—o.22 | Trail 

BrSa). 12/— 5.7 | vM fg |+0.863 |—0.22 

FAMr LOLS | OCtis) 1) eos mavave fg |-++o.945 |+0.75 

7472-- Cot pown pee fg |+0.945 |+0.75 

1243...|/1917 Jan. 29 |— 4.5 | vM fg |—o.760 |+2.08 

1244... 29 |— 0.2 | vM { |—o.760 |+2.08 

1245)... 29 |+ 6.5 | vM fg |—o.760 |+2.08 

1246... 29 |-+10.7 | vM fg |—o.760 |+2.08 

I5Q2:.. Oct. 24 |+ 6.5 | vM fg |+o.737 |+2.82 

15Q22.. OY Nerinitne) |) del fg) |--o.7355\c-2)62 ||| 20™exp: 

15071-. NOVA 972045 H g |to.554 |+2.85 

15972-- Pix 4 Onwee & |+0.553 |+2.85 ! 

1704...{1918 Feb. 3 |+10.5 H g |—o.807 |+3.10 | Thick, 20™ exp. 

1722: 4 |— 6.0 | Hum g |—o.816 |+3.1I0 

17222. ~ 4]—- 2.0] vM g |—o.816 |+3.10 

2005... Oct. 28 |+ 7.5 | vM fg |+o.691 |+3.83 | 20™ exp. 

2113... |1910, Jan 230) —9350 | eM fg |—o.678 |+4.07 | 20™ exp. 

2120... 24 |— 3.2 H g |—0.689 |+4.07 

Mor.-Ev. Ap Am M v At 

I5071-1243....| +1.32 “On, — 2 + 1 —4%o 
BUG Aa al) See SS —4.29 +148 +30 =2.5 
15Q72-17221...| +1.37 | —0.25 | + 28 +6 | +2.0 
Pp APE || Syrah 70) =2535 + 50 —25 —I.5 
208 —2113....| 1.55 —4.29 + 96 —22 ome) 
7472-1244...) 1-73 |)-=1-33' | 60 +10 | +0.9 
V5 O27—1 24 Seer ata 5 O +0.74 — 17 —17 0.0 
2005'—T7 OA dat. |i SO ui iO ae + 10 +10 —3.0 
E5022-1 2405.05 izle SO +0.74 + 8 + 8 Ons 


+46.37 Ma—15.727=—1254 mw =+11.4=+0"019+0"005 
—15.72 Mat21.177=-+ 605 Ma= —23.2= —07038+0"004 


The ro“2 companion, being covered by the sector, does not show any images on 
the plates. 


Comp. Star Br. x y 7. ipa 

Tetons oie f +115 +71 —o%004 | +o"%or10 
BN sas Getegs bb +2.6 +5.1 | —o.ofr ©.009 
Beye taes alee f +4.0 +0.8 | +0.008 0.013 
Ate ena f +7.4 —3.3 +0.008 ©.007 
Cranes ty bf —o.I —8.5 | —o0.013 ©.010 
One f —1.6 —5.9 —0.022 ©.OI1 
Remco bf —6.5 —5.1 +0.024 0.006 
Sioshapeyets f —1I.4 —T.0 +o.o1r 0.006 
Olenyretevan bf —5.5 +7.0 | —o.o12 ©.007 
LOL Hevea ste b —o.I +708 —-OnOn2 +90.008 


STELLAR PARALLAXES 21 
Boss 1629 = a= 6h22™88 — § = +. 30°33’ 
Pi. No. Date t Obs. Qy ? m Remarks 
1687;../1918 Feb. 2 {+ 5°22 | vM g |—o.610 |+3.09 
16872.. 2\|+ 9.5 H fg |—o.610 |+3.09 | Trail 
EL eae Mar. 4 /+ 1.0] vM fg |—o.o11 |+3.17 | Hazy, 25™ exp. 
20071... Oct. 28 |+ 4.2] vM fg |+0.860 |+3 83 
20072.. 28 I+ 9.2 H fg |+0.860 |+3.83 
2008... 28 |+13.2 | vM fg |+0.860 |+3.83 
2010r.. 29 |+ 1.5 | vM fg |-+o.852 |+3.83 
201Q2.. 29 |+ 5-7 H gas |+0.852 |+3.83 
2033:.- Nov. 10 |— 4.2 H fg |+o.724 |+3.86 
20332.. be) 0.0 | vM fg |+o0.724 |+3.86 
2156:..|1919 Feb. 21 |+ 6.5 | vM g |—0.830 |-+-4.15 
21562.. ar tarry H g |—0.830 |+4.15 
2107.2: Mar. 24 |+12.0 | vM fg |—o.907 |+4.23 
21ST. 25 [+13-5 vM fg |—o.997 |+4.23 
LE 
Mor.-Ev. Ap Am M P) At Remarks 
20331r-1737------- +1.64| +o.69/ +5 | —o9 | —s°2 
20837-10871. 5 3 < =—-E 1931-00-77 || £9 + 5 —5.2 
2019-21561. ..... -—-r.638, | —0.32 | —10 —12 —5 10 
2007:-16872...... +1.47 | +0.74 | +16 + 3 —5.3 
20102-2985 07.0 es j-th OS e012 le 20mm eae 27, —6.0 
20077-2T07-015 3: +1.86 | —o.40 | —14 —17 —2.8 
2008 —2181....... +1.86| —o.40}/ +8 | + 5 —o.3 | Star 4 not measured 


+2.14 uat+ 0.687=+26 
+0.68 fat19.18r=+77 


w =+ 3.6=+0"006+0"%004 
Ma=+11.0=+0"018+0%012 


Comp. Star Br. 
Eshees cteracicts f 
2 hone aeprer tf 
Berm enn eae bf 
Bite tcroitans © f 
Beanie eon: bf 
Oisceyancce ies f 
V bee oer bf 
Bier vensieteks os bf 
a etn ere f 


HRHOKR HWA 


NI DHOOORH KA 
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22 ADRIAAN VAN MAANEN 


Boss 1846 a=725™268 §=+51°36/ 


Pl. No. Date t Obs. Qy p m Remarks 
1135x..|1916 Oct. 21 |—10°5 | vM f |+o.961 |+1.81 | 20™ exp. 
TI352-. 21 |— 3.5 H fg |+o.961 |+1.81 | 20™ exp. 
Tice heer Nov. 16 |— 4.5 | vM g |+o.760 |+1.88 

T1506... 16 0.0 H fg |+0.760 |+1.88 

r290r../1917 Mar. 15 |— 1.5 H fg |—0o.927 |+2.21 

E2Q0z.. 15 |+ 2.5| vM fg |—0.927 |+2.21 

I2Q1r.. Is |+ 7.7 H g |—0.027 |--2.21 

I2QI2.. 15 |+12.0 | vM g |—0.927 |+2.21 

13041... 16 |— 5.2 | vM fg |—0.933 |+2.21 

13042.. 16|— 1.0} H fg |—0.0933-|+2.21 

1646x. . Dec. 8 |— 5.2 | vM g |+o.469 |+2.94 

16462... 8 |— 0.5 H g |+0.469 |+2.94 

2035.../1918 Nov. 10 |+13.7 H fg |+o.825 |+3.86 | Trail 
2040... II |+11.7 H fg |+o0.816 |+3.87 

2157.../I919 Feb. 21 |+ 6.7 | vM g |—0.719 |+4.15 

2IOO.. Mar. 26 |+ 5.5 | vM fg |—o.975 |+4.24 | Hazy, 20™ exp. 


Mor.-Ev Ap Am M v At 
11351-13041...| +1.89 | —0.40 +7 — 2 | —5°3 
1O40s-1200ree eet 2 AON \-t-On 73 +24 17, — 37 
TLS 5ia0 3 Od ere et COON En Ons S =F Sly |) Sah 
TLS 5 ae 2 1 OOre eel alk OA ME aceAS +16 am — O70 
1646.-12902...| +1.40 | +0.73 +13 =a Onn O 
LAS PRI SS 6 ol) tsetse ||, ee nS =u — 67, 
2040 S120Tx.)- =| sie Ee 74.0 beh 00 as eee A lO 
Aelia tig orl) Geely |) apie +15 ae) | ay 

+17.86 po— 1.577T=— 4 T =+5.0=+07008+0"003 
aa Bo+22.397=+112 Pa=+0.2= 0700007003 
Comp. Star Br x 4 T P.E 
LA a ations ff +2/3 41/5 +o0%018 +o”o010 
2 Pha eres f +7.4 +3-7 | +0.005 ©.005 
OM reichane ta iors f +4.5 —2.1 +o.002 0.005 
A iphsale e sices bf +2.3 —1.6 —0.026 0.010 
B yetavehsiake ee ff —3.7 —2.5 +o.o10 0.007 
Oostsrce ee f —3.2 —o.r | +0.007 0.006 
Ws isieclece ose b —6.0 —o.5 | +0.005 ©.006 
oie aed OBE bf —2.7 2e7, —0.022 =0.005 
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STELLAR PARALLAXES 23 
Boss 2663 a=gbh5rmgs 5=+9°24’ 

Pl. No. Date t Obs. Qy p m Remarks 

811z../1916 Jan. 12 |— 5°2| vM fg |+o.514 |-+1.04 

8112. 12 |— 0.54 vM fg |+o.514 |+1.04 | Clouds 

870;.. Mar. 26 |+ 8.7 | vM g |—o.611 |+1.24 

8702.. 26 j+13.0| H g |—o.61r |+1.24 | Trail 

1203... Dec. 16 |+13.0| H fg |+0.806 |+1.96 

1222\. 17 |4- Az H fg |+o.708 |-+1.96 

T1223... I7 |+ 9.0 | vM fg |-+o0.798 |+1.96 

131Qx..{1917 Apr. 12 |— 9.5 H g |—o.791 |+2.28 

I21Q2. Zit ON VE fg |—o.791 |+2.28 

16511. .| Dec. 8 |+ 2.5 H gas |+0.863 |+2.94 

16512 8 |+ 6.7 | vM fg |+0.863 |+2.94 

1747...{1918 Apr. 4 |— 2.7 | vM g |—o.710 |+3.26 | Clouds, 22™ exp. 

2076. Dec. 26 |— 6.0 H f |-++o.718 |+3.99 | 25™ exp. 

2172:..|1919 Mar. 24 |+ 7.2 | vM fg |—0.577 |+4.23 

21722. 24 |+12.7 | Hum g |—0.577 |+4.23 

273k n 25 |— 2.0] vM g |—0.589 |+4.23 

Mor.-Ev. Ap Am M v At 

2076 -1747....| +1.43 | +0.73 2 +14 | —3°3 
8IIr-I3I0r...| +1.31 —1.24 + 58 +1 +4.3 
8112-2185... .| +1.10 —3.19 +102 — 6 +1.5 
I6531-13102...| +1.65 +o0.66 — 44 —31 7.5 
1222 —2172;...| +1.38 —2.27 + 54 — 26 —2.5 
1O65%2-21722...| +1.44 —1.29 + 88 +40 —6.0 
1223 — 870;...| -- 1-41 +o 72 —- 8 + 8 +o0.3 
1203 — 870,...| + 1.42 +0.72 — 23 —7 0.0 


$20.54 fe— 5.957=—687 


mw =+ 5.1=+0%008+0"%007 


— 5.05 Me+15.67 T=+270 Ma=—32.0=—0%052+0%006 
Comp. Star Br. % y 7 P.E. 
TL eres cceetats bf +0/3 +5/5 | —0%037 | +0009 
De ie misreri ff +2.5 +4.8 | +0.006 0.007 
B datetetse iss b +5.2 —I.I +0.002 ©.008 
Atastesdonists f +2.6 —3.2 +o.o16 0.006 
Grantee) ese bf +4.4 —5.5 —0.009 0.006 
Gace oaehen f —1.4 —6.7 +o.008 0.008 
Mae ccieee ho ff —4.5 —4.8 —0.019 ©.OIL 
OS Aeyeteaste seats bf —3.0 +4.3 +0.020 0.006 
eae ciccnates f —3.2 +5.4 +o0.012 +0 .004 
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24 ADRIAAN VAN MAANEN 


Boss 2800 a=10%26™528 6=+14°30' 


Pl. No. Date t Obs. Qy p m Remarks 


2 a en a OS ed 


1765:..|1918 May 3 |+ 8°0| vM fg |—0.868 |+3.34 


17652... Lele uexse) || 1s fg |—0.868 |+3.34 
1780... Aa Gog ||) Lal fg |—0.876 |+3.34 | Hazy, 25™ exp. 
2070;.. Dec. 10 |—11.0 | vM g |+0.889 |+3.95 
20702.. Io |— 7.0 H fg |+0.889 |+3.95 
ZOU es 26 |-+ 0.2 H f |+0.793 |+3.99 | 25™ exp. 
209Ir.. 27 |—16.0| vM fg |+0.785 |+3.99 
20912.. 27 |—1I1.5 H g |+0.785 |+3.99 
2120;..|1919 Jan. 23 |+ 3.5 | vM g |+o.482 |+4.07 
21202.. by) Iie Vials H fg |+o.482 |+4.07 
2206... Apr. 22 |—10.0 | vM g |—o.782 |+4.31 | Clouds, 25™ exp. 
220Te 23 |—1r.0 | vM f |—0.792 |+4.35 
2212;.. 23 |— 5.7 CH fg |—0.792 |+4.31 
22127. 23 0.0 | vM f |—o.792 |+4.31 | Trail, clouds, 
S 23™ exp: 
Mor.-Ev. Ap Am M 0 At 
20911-2211....| +1.58 | —0.32 +7 +4 | —5°0 
20912-2206... .| +1.57 —0.32 —- 7 —10 —1.5 
2070;-2212;...| +1.68 —On30 13 +10 —5.3 
20702-22122...| +1.68 —0.36 + 4 +1 —7.0 
2077 -1765:1...| +1.66 +0.65 —16 —I19 —7.8 
2120;-1780....| +1.36 | -+-0.73 +18 +15 —6.2 
2120,-17652..-| +1.35 +0.73 + 5 + 2 —4.5 
+1.95 Met 0.847=+ 1 T =+2.0=+0%003+0"003 
+0. 84 ba+17.03 T=+33 He=—0.3= o7000+0"%o010 
Comp. Star Br. x y x PE. 
Tat aan f +4/8 +1/1 —o"o1s +0”012 
Dro one oes ff +6.3 +1.4 +o.014 0.014 
By eects 72 bf +1.9 —6.5 —o.008 0.005 
Aveta eee bf —6.7 —6.0 | +0.003 0.005 
Se eg siee tee a ff —5.6 +3.6 —0O.OII 0.009 
Olsveaisees f —1.9 215) |e=1-O.025 0.015 
Foi chonereeeatels f —1.2 +5.4 | —0.042 =0.005 
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STELLAR PARALLAXES 25 


Boss 2915 a= 108so™s508 6=+06°43’ 


Pl. No. Date t Obs. Qy p m Remarks 

12521../1917 Jan. 29 |—10°5 | vM fg |+0.466 |+2.08 

T2520.. 29 |— 6.5 | vM fg |+0.465 |+2.08 

I32Ix.. Apr. 12 |— 2.5*| vM g |—o.611r |-+-2.28 

I32I2.. 2 | 257 H fg |—o.611 |+2.28 

Tease. I3 |— 0.2 H fg |—o0.624 |+2.28 

F326 13 |+ 4.0] vM g |—0.624 |+2.28 

1340... May 12 |+ 7.0 | vM | gas |—o.882 |+2.36 

1668:../1918 Jan. 5 |+ 4.5 | vM g |+0.754 |+3.02 

16682. . 5 I+ 9-2 H € \=-0.754 |4-3.02 

1680... 6 |+: 2.0 H fg |+0.745 |+3.02 | Clouds, 25™ exp. 

1692:. . Feb. 2 /— 8.7 H g |+o.424 |+3.009 

16022. . 2!— 4.5 | vM g |+0.423 |+3.09 

1693... ay lige ancy lel fg |+0.423 |+3.09 

LE Pea Apr. 3 |— 5.2| vM pf |—0.403 |+3.26 

1748... Aai—2 207 ||) eaEL g |—o.506 |+3.26 | Clouds, 23™ exp. 

Trail of 8 Leonis 
1764... May 3 SRT H fg |—0.820 |+3.34 
Mor.-Ev. Ap Am M 0 At 
I252x-1742....| -+o.96 | —1.18 —23 +8 | —5°3 
1602:-1764....| +1.24 0) 75 —37 27, —5.0 
T2527-1321y...| +—-1:08 —0.20 —1 + 8 —4.0 
16922-1748....| +0.93 Sa@). 27) =e) — 3 Sits 
1693 —13351- - -| + 1.05 +o.81 +1 —I15 --r.2 
1680 -132I2...| +1.36 | -+0.74 +17 +4 | +0.3 
1668,-13352.--| +1.38 +0.74 +29 +16 +0.5 
16682-1349... -+-1.64 | 0.60 +14 — 4 | +2.2 
+3.72 Mat 2.147=+82 T =— 3.5=—0%006+0%005 
+2.14 MatI2.037=+ 9 Ma=+24.1=+0%039+0"009 

Comp. Star Br. x y T Pen 
Trg ras f +14 +4'9 —o"o12 +07018 
Di Men eeiees h bf +7.6 +2.6 | +0.017 ©.010 
Bice wale oversee f +8.0 —2,1 —0,.019 0.009 
Ps che rete f +2.2 —2.9 | +0.014 0.012 
IBiowe tatldrete) os. bf —6.9 —5.9 | +0.003 0.011 
Glee: f —4.8 +o.1 —0.022 0.014 
RE eevee: ff —5.6 +o.1 | +0.007 0.013 
Opener eereey: ff —2.7 +2.6 | +0.014 +=0.022 
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26 ADRIAAN VAN MAANEN 


Boss 3141 a=11256™3 28 6=+ 36°36’ 


Pl. No. Date t Obs Qy p m Remarks 

1204.../1916 Dec. 16 |—11°0 | vM fg |+0o.900 |+1.96 

\1277...\1917. Feb. 13 |— 9.0 H fg |+o0.508 |+2.12 | 20™ exp. 

1336r. . Apr.) 135|-—=2670 H g |—o.381 |+2.28 

13302.. 13 |— 1.0} vM g |—0.381 |+2.28 

1350x. . May 12 |— 2.5 H g |—0.737 |+2.36 

13502... 12 |/+ 1.5 | vM fg |—0.738 |+2.36 

1363:. . 13 |— 7.0} vM fg |—0.747 |+2.37 

13632. . 13 |— 3.0| vM fg |—0.747 |+2.37 

1660r../1918 Jan. 5 |— 1.0] vM fg |+0.866 |+3.02 

16692.. Blam Bok H gas |+o0.866 |+3.02 

1694r. . Feb. 2 |/— 9.0] vM g |+0.646 |+3.09 

16942. . 2|— 4.7 H fg |+0.644 |+3.09 

ty D5 eer 3 1+ 0.5 H fg |+0.634 |+3.10 | Hazy, 20™ exp. 

1766... May 3|— 5.0] vM fg |—0.629 |+3.34 Trail 

Mor.-Ev Ap Am M v At 
1204 -1363:...| +1.65 —o.41 +60 +11 —4°o 
I277 -1336:...| -+0.89 —0.16 +33 + 8 —3.0 
16941-1766... .} +1.28 —0.25 +5 —31 —4.0 
16942-13632...] +1.39 | +0.72 — 6 —10 —1.7 
16691-13501. ..| -+1.60 +0.66 +28 +17 +1.5 
D715 1330s el) tle Ono? —I19 Se 5.5 
16692-13502...] +1.60 | +0.66 +18 +7 -+1.7 
Toca Ancyp— Bit m7 =+21.0=+07034+0"006 
+2.82 Mat13.247=+181 Ha=—34.4= —0%056+0%016 

Comp. Star Br. x y T PLE. 
Lect wore netctistrere bf +417 +4!7 +0005 +0"005 
PIA Be eS ie u +5.-1 —3.2 —0.002 0.006 
ZB watentiovecre f +1.8 —5.2 —0.010 0.008 
Asn oeane ces ff —3.6 —1.8 | +0.016 ©.009 
1S eons satire bf —o.8 +2.2 +0.009 0.010 
O Scares ff —4.3 13.0 —0.019 =0.009 
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STELLAR PARALLAXES 


27 


Boss 3581 a=13546™448 5=+35°10' 
Pl. No. Date t Obs. Qy p m Remarks 
1280...|1917 Feb. 13 |— 9°5 | vM f |+0.828 |+2.12 | Clouds, 25™ exp. 
1718...|1918 Feb. 3 |— 5.5 |j“~vM fg |+0.885 |+3.10 | Hazy, 20™ exp. 
D72Ans Mar. 3 |— 0.5 | vM fg |+0.664 |+3.17 | Hazy, 25™ exp. 
Tae + 7.5 |Hum| fg |+0.664 |+3.17 | Hazy, 25™ exp. 
1786r.. May 31 |+ 2.5 H gas |—o.623 |+3.42 
17862.. 31 |+ 6.5 | vM | gas |—0.623 |+3.42 | Trail 
I7Q0r. . June 1 j— 8.2 H fg |—0.634 |+3.42 
I7QQz. . 1 |— 4.0] vM fg |—0.634 |+3.42 
1800r. . r j-+ 1.2 H fg |—o.634 |+3.42 
18002. . t i+ 5.5 | vM g |—0.634 |+3.42 
r812;.. 2|/—13.0| vM g |—0.644 |+3.42 
1812... 2|— 8.7 H g |—0.644 |+3.42 
2123...|1919 Jan. 23 15.0] vM fg |+to.915 |+4.07 
2143. . 25 |— 8.0| Hum] fg |-+0.o912 |+4.07 
2143... 25 |— 3.7 | vM fg |+o.912 |+4.07 
ST AA 25 |+ 0.7 | Hum} fg |+o.g912 |+4.07 
Mor.-Ev. Ap Am M v At 
2123 -18121...]| +1.56 | +0.65 + 3 — 4 | —2°%0 
1280-18122...) +1.47 —1.30 + 5 —I0 —o.8 
2143:-1790r..-| +1-55 | +0.65 ° SO || Spe) 
I718 —17902...| --1.52 —0.32 +27 +16 —1.5 
21432-18007. ..] +1.55 +0.65 “EO Se —4.9 
1734 —1786:. ..| --1..20 —=O 125 27 +18 =F) 
2144 —18002...| +1.55 +0.65 +22 +16 —4.8 
1735 —17862...| +1.29 —0.25 — 4 —13 -+-I.0 


+3.59Ma+ I1.00T=— 12 


mw =+6.1=+0"010+0"004 


+1.00 Ma t1I7.42T=-+I101 Ha=—5.0=—0%008+0"009 
Comp. Star Br. x y 7 PE. 
Lee fortes > bb +2!5 +1!2 | +0%031 | +o%orr 
et RES parit b +3.3 +1.4 +0.022 0.008 
BM les cre s f +6.7 +2.5 —0.027 0.010 
7 haste, Sie f —O.1 —3.0 | —o.016 0.006 
end eee etctn ers f —8.0 —1.5 —0.013 0.007 
Of ceo ser f — Any, —o.4 | +0.019 0.005 
Dee f —I.I +3.2 —0.017 =0.007 
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28 ADRIAAN VAN MAANEN 


Boss 3983, 3986=Bu 7362 a=15534™508 and 15535™128 6=+80°47’ 


Pl. No. Date t Obs. Qy p m Remarks 
844:..|1916 Mar. 24 |— 7°0 | vM f |+o.757 |+1.23 
8442. . 24 |— 2.2 H f |+0.757 |+1.23 
g8i:. . June 23 |+ 5.0] vM g |—o.589 |+1.48 
O8Iz. . 23 I+ 9.5 H g |—o.589 |+1.48 | Trail 
994:. - 241+ 1.5 H g |—o.6o1r |+1.48 
0942. . 24 |+ 6.0] vM g |—o.603 |+1.48 
1326;..\1917 Apr. 12 |—11.0 | vM fg |+0.529 |+2.28 
13262. . I2 |— 7.0 H fg |+0.527 |+2.28 
13431. . 13) | =e Oro H g |to.512 |+2.28 
13432. . 13 |-+10.5 | vM fg |+o.512 |+2.28 
T30Lee June 11 |+ 4.7 H fg |—o.416 |+2.45 
I4171.. 13 |—12.5 | vM g |—0.445 |+2.45 
T4172. . 13 |— 8.2 H fg j|—0.445 |+2.45 
1418... 13 |— 3.0] vM g |—0.445 |+2.45 
2179...\1919 Mar. 24 |+ 8.5 | Hum f{ |+0.763 |+4.23 | 20™ exp. 
22020 Apr. 25 |4-11-5 H fg |+o.405 |+4.31 
Mor.-Ev. Ap Am Gen 

1326;-IA4T7x.-.... +o.97 | —o.17 | + 66 | + 36 +38 — 7 | +125 
8441-14172...... +1.20 | —1.22 | +144 +184 —19 — 8 +1.2 
1320;- DATO +o.97 | —o.17 | + 24 + 34 —4 —9 —4.0 
8442- 9041...... +1.36 | —0.25 | + 38 + 51 — 3 —I0 —3.7 
T3431 Oolrere er +1.10 | +0.80 | — go —106 + 5 — 26 +1.0 
2179 -13Q1....... +1.18 | +1.78 | —150 | —144 +68 =p yke |), mimetots) 
13432 —9042...... +1.12 | +0.80 | —147 SRS — 52 Sey || Satie 
2202 —ROSTa ae +0.99 | +2.83 | —389 —429 —25 —50 |-20 

+14.07 bat pee 1864 

+ 4.55 Mati10.com=— 514 (3983) 438 (3986) 


= sas, ” ” = = ” ” 
(3083){" Beis OM Bch reac any ( 86){" = EOS ih Cot gle 
Ma=—127.1=—0"207+0'013 Ma= —138.4= —0%226+0"013 


Comp. Star Br. x y 7 P.E. 
a Mca’ f +716 +o!r | —o%053 | +o0%013 
PRR Cn CHG f +6.6 —3.2 0.052 0.014 
3 auiteesate ens bf +2.6 —o.4 | —0.008 0.015 
A Stes cieed f —5.1 —2.2 —0.029 ©.005 
rates. nike eS f = SKe +1r.6 +0.009 0.009 
6 ee eet ff —2'.3 +o.8 —0.001 ©.OII 
7 si Pvanciert ss f —0.4 ares || seoseeey || Skenehey, 
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STELLAR PARALLAXES 


Boss 4195 a=16523™288 5=+0°53’ 

Pl. No. Date t Obs. Qy p m 
905:../1916 Apr. 23 |—12°5 | vM fg |+o.555 |+1.31 
9052 23 |— 8.2|*H fg |t+o.554 |+1.31 
Q20; 24 |—15.5 | vM g |+0.541 |-+1.32 
Q202.. 24 |—11.5| H fg |t+o.s54r |+1.32 
1420x../1917 June 26 |—13.7 | vM g |—0.457 |+2.40 
14202 26 |— 9.2 H fg |—0.457 |+2.49 
1443: a7 |=" 3.0 |" & |—0.473 |+2.49 
14432 27 |+ 2.0] vM fg |—0.473 |+2.49 
1453. July 1m |—12.5 | vM fg |—0.663 |+2.53 
1486.. Aug. ro |+13.2 | vM g |—0.942 |+2.61 
1495. Ir |-+13.0 | vM g |—0.946 |+2.61 
BSEacac 12 |-+13.5 | vM g |—0.952 |-+-2.62 
1758...|1918 May 2|+ 4.0] vM | gas |+0.432 |+3.34 
ETS Qe sr 2 |+10.0 H gas |+0.432 |+-3.34 
1775: Sue 022), fg |+o.417 |+3.34 
17752 3 |+10.5 | vM g |+o.417 |+3.34 

Mor.-Ev. Ap Am M v 
Q20:-14291...| -++1.00 —1I.17 _ —16 
QO5r-1453..-.| --1222 —1I.22 +20 + 5 
Q202-14292...| + 1.00 —— S17 — TI —T4. 
9052-14431. ..| + 1.03 —1.18 +45 See 
1758 -14432...] +0.91 +0.85 +35 +30 
E775 f405- 25) | oi 0 =-On73 —14 — 28 
1759-1486... .| -F1.37 | +0.73 +5 +4 
Ly fig res AGH eas al) Spt heh +0.72 +10 — I 


+7.92 fa— 1.307=— AI 
—1.30 Mat10.99 T=+100 


mw =+8,.6=+0"%014+0%007 
Pa=—3.8=—0"%006+0%009 


Comp. Star Br. x 

Liye se ctaecs i +0/8 
Dea MRE dies f +1.1 
ee ee: bf +2.9 
Bi sge yaa tare ff E65 
ah rede teats f +1.9 
On tiers ates ff +0.3 
vee ley Os bf —1.4 
Sica aeiters f —1.6 
Quuetels ener if —2.6 
TON wrest f —3.6 
Uitte f +o.1 
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CHOROYORDNOH 


It 
00000000000 


Hazy, 20™ exp. 
Hazy, 20™ exp. 
Trail 


Remarks 


vu 
a 


= 


“O13 


o1o 
009 
oOI4 
007 
Ors 
O14 
00g 
007 
008 
006 
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30 ADRIAAN VAN MAANEN 


Anonymous 4 a=17"52™548 6=+4°28' (u=10", Barnard) 


Pl. No. Date t Obs. Qy p m Remarks 

1118.../1916 Sept. 21 |+26°5 | H | gas |—1.002 |+1.73 

1350r..|1917. May 12 |— 8.7 H g |+o.602 |+2.36 

1350p. . 12 |— 4.0 | vM fg |+o0.602 |+2.36 

137350 13 |—11.5 | vM fg |+o.588 |+2.37 

Tayeaue 13 |— 7.2 | vM fg |+o.588 |+2.37 

TS Ooo 14 |+20.0] Pt fg |+0.572 |+2.37 | 20™ exp. 

1460... July 28 |— 9.7] vM fg |—o.610 |+2.58 

T1470... 28 |— 4.7 H fg |—o.610 |+2.58 

A Cee 28 |+ 1.2] vM fg |—o.610 |+2.58 

1476... 29 |—13.2 H g |—o.622 |+2.58 

TAT Tes. 29 |— 9.0 | vM g |—o0.623 |+2.58 

WAGE Soc 29 |— 2.7 H fg |—o.623 |+2.58 | Trail of Boss 4545 

14871... Aug. 10 |— 3.0 H g |—0.769 |+2.61 

14872.. ro |+ 1.0] vM g |—o.769 |+2.61 

1760r..]1918 May 2 |— 4.7 | vM fg |+o.731 |+3.34 

17602.. 2|— 0.5 H fg |+0.731 |+3.34 

1776:.. ERM fer oe ep | fg j+0.720 |+3.34 

I776z. . 3/-— 1.5 | vM fg |+0.720 |+3.34 

Mor.-Ev. Ap Am M v At 

1387 -1118....| +1.57 | +0.64 | +215 +1 | —6%5 
13731-1476....| + 1.21 —0.21 +484 + 5 +1.7 
I13501-1469....| 1.21 —0.22 +404 +11 +1.0 
I373a-1470....| +1.20 —0.21 +458 —18 —2.5 
13502-1478... .| -+-1.23 —0.22 +492 + 2 —1.3 
1770:-1477....| +1.34 +o0.76 +113 +25 +3.5 
1760;-1487:...| +1.50 +0.73 +146 — 6 —1.7 
17762-14872...| +1.49 +0.73 +152 + 4 —2.5 
1760.-1471....| +1.34 On 7.0) + 62 —26 —1.7 


+2.82 pet 4.18%7=+ 73 mw =+318.4=+0"519+0"006 
+4.18 wa+16.41 T=+3356 Ma=—446.7=—07728+0"014 


Comp. Star Br. eax y 7 P.E. 
T see ere bf +0/7 +4!0 | +0021 +0018 
2 ancvoreanets f +2.2 +2.5 —0.017 0.016 
Be ieceaslesetele bf +1.2 +o.1 +o.016 0.015 
P Meanie as tc f 41.1 —o.1 —0.007 0.010 
Beare resas stator f +3.0 —1.9 +o0.006 0.010 
On hereon bf 0.0 —3.2 —0.010 0.012 
Vote techs f —5.2 —4.1 +0.007 0.007 
ey Hasicay | bf —2.6 +2.9 | —0.015 +=0.012 
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STELLAR PARALLAXES 31 


Boss 4817=Bu 8936 a=18hs3m48e 6=+17°r4’ 


Pl. No. Date t Obs Qy p m Remarks 

683...|/1915 Sept. 2 |—10°5 | vM f |—0o.843 |+0.67 | Clouds, 20™ exp. 

684:. . 25\—— 5-0) > Sel fg |--0.843 |+0.67 

6842. . 2\|— 1.0 | vM fg |—0.843 |+0.67 

6555. 2|+ 4.2 H fg |—0.843 |+0.67 

176Ix..]/1918 May 2 |— 9.0] vM fg |+0.871 |+3.34 

176%2. . 2{/— 5.0 H fg |+0.871 |+3.34 

1762. 2 0.0 | vM { |+0.871 |+3.34 

1777 $j—10.5 | fg” |4-0.863 14-3. 34 

17772. - 3-|— 6.2 | VM fg |+0.863 |+3.34 

Riviere avie= TaR H fg |+0.863 |+3.34 | Trail 

I7Q3z.. Sr=—1 8.2 H g |+0.541 |+3.42 

17932-- 31 |— 4.0] vM g |to.541 |+3.42 

1844:.. Aug. 11 |— 6.5 | Hum] fg |—o.596 |+3.61 

18442. . Ir |— 2.0| vM fg |—o.596 |+3.61 

1857x.. r2|— 3.2 | vM g |—o.609 |+3.62 

18572. I2 |+ 1.0 | Hum g |—o.610 |+3.62 

Mor.-Ev. Ap Am M v At 
1777:- 683....| 41.71 +2.67 +26 + 4 020 
17611-1844:...| +1.47 —0.27 + 8 +11 —2.5 
T793:x- 684:...] +1.38 +2.75 +11 —13 —3.2 
17772-18571...) +1.47 —o.28 + 5 +9 —3.0 
17612-18442...| +1.47 —0.27 =—7 —4 —3.0 
V7032-80845..</<| 1 5-35 +2.75 +38 +14 —3.0 
E77O—TOS7o. 1.) at 47 —0.28 —20 —16 —2.5 
1762— 685... | +1.71 +2.67 +17 — 5 —4.2 
+29.68 wet1I5.11 7=+254 T =—0.9=—0"001 +0"004 
+15.1I Mot18.287=+120 Ma=+9.0=+0"015+0"%003 


The 11™7 companion, being covered by the sector, does not show any images on 
the plates. 


Comp. Star Br. x y 7 Pane 
Tn a ereties b +3/0 +2!7 | —o%007 | +0%006 
Dire cleueysrouls f +3.3 +1.5 | +0.005 0.004 
Biaseus tee eos bf +4.8 —2.3 | +0.004 ©.009 
Asa Gilgalsce al f +1.1 —3.8 | +0.002 0.014 
elo ence u —1.6 —4.9 | +0.002 ©.005 
Osreeseuyertte f —4.8 —2.3 —o.o10 0.008 
Tad Mmeenters ate b —4.8 +2.7 +0.013 0.004 
Sierartettesise bf —I.I +3.3 | —0.009 | +0.009 
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+3.76 wet 1.607=+ I0 


32 ADRIAAN VAN MAANEN 
N.G.C. 6804 a=19"26™488 6=+0°r’ 

Pl. No. Date t Obs. Qy p m Remarks 

1423...|1917 June 13 |—12°0 | vM g |+0.465 |+2.45 | 20™ exp. 

1538... Sept.13 |— 6.2 | vM fg |—o.864 |+2.70 | Hazy, 30™ exp. 

EVO 5 13 |+ 2.7 H fg |—0.864 |+2.70 | Hazy, 30™ exp. 

uOGitsa 14 |— 7.0| vM g |—0.873 |+2.71 

55 ea 14 |-+- 5.0 H g |—0.873 |+2.71 

1807...j1918 June 1 |—15.7 H fg |+0.633 |+3.42 

1808... 1|— 9.0] vM g |+0.633 |+3.42 

1816... 2 |/—12.2 H fg |+o.621 |+3.42 

TSO 78 2|— 5.5 | vM fg |+0.621 |+3.42 

1818... 2 |+ 3.2 H g |+0.621 |+3.42 

1824... 3 |—12.5 |Hum| fg |+0.608 |+3.42 | Hazy, 40™ exp. 

TS25n0 3|/— 2.0] vM g |+o.608 |+3.42 | Hazy, 40™ exp. 

TS20.e 3 |t10.7 | Hum} fg |+0.608 |+3.42 | Hazy, 35™ exp. 

1845... Aug. ir |— 3.0 | Hum g |—0.477 |+3.61 | Trail of Boss 4995 

1846... “ar |+ 6.2 | vM vg |—0.477 |+3.61 

T3306 Sept. 2 |— 7.5 | Hum g |—o.761 |+3.67 

1896... 3 |-13.5 | vM g |—o.771 |+3.68 

1900... 4 |—12.5 | vM g |—o.781 |+3.68 

Mor.-Ev. Ap Am M v At 

1423-1906....] +1.25 | —1.23 +19 o | +0%5 
1807-1896....| +1.40 —o.26 +16 — 3 —2.2 
1824-1883....| -+1.37 —0.25 +20 + 2 —5.0 
1816-1551....| +1.40 +o.71 +9 — 8 —5.2 
1808-1538....] +1.50 +0.72 +10 —7 —2.8 
1817-1845....| +1.10 —0o.19 +29 +14 —2.5 
1825-1552....| +1.48 | +0.71 +18 +1 —3.0 
1818-1539....| +1.49 | +0.72 +30 +13 +0.5 
1826-1846....| +1.09 —0.19 -— I —16 +4.5 


w =+12.5=+0'%020+0"00 
; 3 


+1.60 pa+16.68r=+204 Ba=— 2.7=—0"%004+07006 

Comp. Star Br. ey y cs P.E. 

Tact eho bf +2/6 +2!7 +0%003 +0"008 
2 ate ee f 20 +0.7 | —0.008 0.006 
Se hice ne bf +1.6 —4.8 2.000 0.002 
PAAR res es ff +o.8 —1.6 0.000 0.007 
LSeteibsth ose f —0.7 —1.0 | +0.005 0.007 
O:ntoanctnetne f — 200 —2.2 | +0.002 0.007 
Pues f —2.0 alas —0.007 0.008 
Seton. then: f —o0.8 +4.8 +0.003 +0.004 
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STELLAR PARALLAXES 33 


N.G.C. 6905 a= 20°17™568 6=+19°47’ 


Pl. No. Date z Obs. Qy p m Remarks 
1448...|1917 June 27 |—14°0 | vM g |+0.439 |+2.40 

I5531-- Sept. 14 |— oe vM g |—0.743 |+2.71 

15532. - 14|+ 1.24 H fg |—0.743 |+2.71 

TET Oct. 8 |— 2.2] vM g |—0.930 |+2.77 

TOGOct 9 |— 4:5 | vM g |—0.933 |+2.78 

1794...|1918 May 31 |—18.2 H g |+o.781 |+3.42 

TAOS aie 3r |—12.5 | vM fg |+o.781 |+3.42 

1800... June 1 |—13.5 H g |+0.772 |+3.42 

1810... rt |— 8.0} vM fg |+o.772 |+3.4 

Ree her. I regpaie clei fg |+0.772 |+3.42 | Trail of Boss 5224 
1832:.. July 1 |—10.0 | vM g |+0.383 |+3.50 

1832. . 1 |— 3.5 | Hum g |+0.383 |+3.50 

1830... 2j— 1.0| vM fg |+0.367 |+3.50 

1884... Sept. 2 |—12.0 | vM fg |—o.598 |+3.67 

1884... 2\|— 6.7 | Hum G00 508) [45307 

1897. . 3 |—18.0 | Hum| fg |—o.611 |+3.68 

18072.. 3 |—12.5 | vM fg |—o.611 |+3.68 

1007... 4 |—18.0 | Hum g |—0.622 |+3.68 


Mor.-Ev. Ap Am M v At 
1448 -1897;...| +1.05 | —1.109 +26 +3 | +4%0 
1794—1907....| +1.40 —o.26 +17 + 3 —o.2 
1809 -18972...| +1.38 —o.26 +19 +5 —1.0 
1795 —1884;...| +1.38 —O).25 +" 7 —7 —0.5 
18321-18842. ..| +0.98 | —0.17 amet = | =g.8 
1810 -1578....| +1.71 [OnOAS + 7 + 1 —3.5 
eee sen 5 a]! iene +0.79 +13 +14. | +0.5 
I811 —1562....| +1.70~ | +0.65 + 4 -—1 +0.5 
1839 —15532..-| +1.11 +0.79 —13 12 —2.2 

1-3, 72a 1.40 m=— 35 gw =+ 7.9=+0%013+0%002 
+1.48 wat16.127=+108 Ma=—12.6=—0"%021+0%005 
Comp. Star Br. x y T PLE. 
Ele ashe ste: oes f +0!7 +0/8 | —o%007 +0005 
Phe nce i +1.1 +1.9 +0 .004 0.010 
cB Seger b +1.0 —o.I +0.007 ©.009 
PEs. SOS Cee f +2.5 —o.8 —0.007 0.007 
ere Diora f -++o.1 —0.5 +0.014 0.006 
Oe tacts eres f —1.2 —2.2 | +0.006 0.006 
lal eerie sich f —1.2 —1.6 —0o.012 ©.007 
Slrewtersteee f —1I.4 +1.1 —o.006 0.007 
Ont moc. bf —1.8 +2.1 | +0.001 +0.007 
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34 ADRIAAN VAN MAANEN 


N.G.C. 7008 a= 20857™388 6=+54°10' 


Pl. No Date t Obs Qy p m Remarks 
1449...\1917 June 27 |—16°0 | H fg |+0.574 |+2.49 

1554r.. Sept.14 |— 0.5 | vM g |—o.616 |+2.71 

15542.. Tan teal H g |—o.6r6 |-F2.71 

1563:.. Oct. 8 |— 4.0] vM g |—0.856 |+2.77 

15632. . 8i+1.5} Pt g |—0.856 |+2.7 

T5o3<0% 10 |— 7.0 | vM | gas |—o.870 |+2.78 | Hazy, 25™ exp. 
1796.../1918 May 31 |—14.7| H g |+o0.859 |+3.42 

T7 Oyen 31 |— 9.2 | vM g |+o.859 |+3.42 | 18™ exp. 
1819... June 2 |—12.0] vM g |+o0.845 |+3.42 | Trail of Boss 5405 
1833r.. July 1 |— 6.7] vM g |+o.523 |+3.50 

18332. - i |— 0.2 | Hum g |+0.523 |+3.50 

1834:.. 1/+ 6.0] vM fg |+o.521 |+3.50 

18342. . t |+1z1.2 | Hum] fg |+o0.521 |+3.50 

1840:.. 2|— 2.0) Hum g |+0.508 |+3.50 

18402. . 2a Sie5il| eave g |+o.508 |+3.50 

1885... Sept. 2 |— 8.7] vM fg |—0.439 |+3.67 

1898:.. 3 |—15.2 | Hum fg |—0.453 |+3.68 

18082.. 3 |-— 9.7 | vM fg |—0.453 |+3.68 

1908... 4 |—20.5 H g |—0.467 |+3.68 

1938... 28 |+ 4.0} vM g |—o.768 |+3.75 | Hazy, 25™ exp. 


Mor.-Ey. Ap Am M 0 At 
1449 —-1908....| +1.04 | —1.19 +1 —24 | +425 
1796 —1898:...| +1.31 —o.26 +28 +14 | +0.5 
1819 —18982...| +1.30 —o.26 +30 +16 —2.3 
1707 —1885....| -+-1.30 =0).25 +20 + 6 =—0.5 
1833:-1583....] +1.39 | +0.72 — 1 — 3 +0.3 
1840;-15631...| +1.36 Ons +5 +4 +2.0 
18332-15541...| +1.14 | +0.70 — 6 = 5, 1) 1-On3 
18402-15632...] +1.36 | +0.73 —18 —I9 | +2.0 
18341-15542...] -+1.14 +0.79 ° +1 +1.3 
18342-1938... .] +1.29 —0.25 +21 +7 +7 .2 

+4.50 Mat 2.217=— AI w=+ 8.3=+0"014+0"004 
2.21 Mat+16.07 T=+105 Ma= —13.2=—0%022+0%007 
Comp. Star Br. x y T P.E. 
Locke oe f tr1/1 +e2'r +o0"%002 +0"006 
Deb ecs ve f +0.5 +5.8 | —o.013 0.003 
8 caste eaten f +2.7 +o.1 +o.021 O.OIL 
Ah syeletecstetcleys bf +2.2 —o.8 | +0.004 0.007 
IG Stata teten ts b +-0.3 —I.I —0.023 ©.010 
Ore yetonsl teatctess f —1I.5 —3.7 | —o.0r2 ©.005 
VOR bats f —2.7 —2.9 | +0.007 0.007 
RSA NN ad f —0.7 0.0 —0.001 O.OIL 
(ayers oeckeicties ff —3.6 +1.5 +o.014 +=0.006 
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STELLAR PARALLAXES 
N.G.C. 7662 a=23ho1m6s = § = +. 41°50! 
Pl. No. Date z Obs. Qy p m Remarks 
749...|1915 Nov. 2/— 7°97 | vM f |—0.699 |+0.84 | Hazy, 30™ exp. 
750.. 2 |= 359 |) fg |—o.699 |+0.84 | Hazy, 30™ exp. 
758. 4 |—13.2| H fg |—o.719 |+0.85 | 30™ exp. Trail of 
Boss 6002 
7S Qa. 4\)— 2.7] vM fg |—0o.719 |+0.85 | 30™ exp. 
toso...|1916 July 23 |— 5.7] H g |+o.7or |+1.56 | 30™ exp. 
Toot... Aug. 3 |—14.2 H g |+0.574 |+1.59 
1062. 3|/— 7.0 | vM g |+0.574 |+1.59 
1063. 3 |+ 1.2 H g |+0.574 |+1.59 
1079 5 |— 6.5 H fg |+0.549 |+1.60 
1080 5 0.0} vM fg |+0.549 |+1.60 
1081 5 i+ 8.2 lal g j+0.549 |+1.60 
To82... 5 |+15.0| vM g |+0.549 |+1.60 
BE20.u: Oct. 21 0.0 | vM f |—0.575 |+1.81 
TI27.s< 2t |+ 8.7 18! fg |—0.575 |+1.81 | 30™ exp. 
LIAS... Nov. 16 |+ 4.5 | vM g |—o.822 |+1.88 | Clouds, 28™ exp. 
1163... 17 |— 5.5 | H fg |—o.827 |+1.88 | Hazy, 35™ exp. 
Mor.-Ev. | Ap Am M v At 
to61— 758....| +1.29 | +0.74 +29 +15 | —1°0 
1062— 749....| -— 1.27 +0.75 + 3 —I1 +0.7 
LOVO-1EO3 90s i= so |) = O-25 13 = 6) | 1.0 
TOSO= 750m ete dee ef - Ont +20 ar 6) yf sexe) 
To80-1126....| +-r.12 —0.21 =+- 8 — 6 0.0 
LOO3— 750... -f- 1 27 --0.75 +10 — 4 —1.8 
1O8I-1143....| +1.37 —o.28 +31 +13 | +3.7 
I082-1127....| +1.12 —o.21 +10 —4 +6.3 


+2.41 vot 2.61 7=+ 28 


mw =+12.7=+0%021+0"%004 


+2.61 wet13.187=+161 Ma=— 2.1=—0%003+0%008 
Comp. Star Br x y T P.E. 
ite ee ee bf +o0!7 +0!4 +oo19 +o0"o010 
De ate koeesls bf +4.1 +2.1 —0.003 0.006 
SA leinal oRaxvice f +2.9 —2.3 | —0.002 0.009 
Peete f +1.5 —2.2 —o.oIl 0.008 
Bicoonetessea f —0.5 —3.3 | +0.o11 0.007 
Ome bao f —2.3 —1.8 —0o.001 0.014 
G7 redeed siatalers f —3.0 +2.5 —0.024 0.009 
Siorata aye cho bf —2.9 +5.1 | +0.014 | 0.005 


Mount WILSON OBSERVATORY 
November 1919 
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Contributions from the Mount Wilson Observatory, No. 183 
Reprinted from the Astrophysical Journal, Vol. LI, pp. 236-243, 1920 


NOTE ON THE AIR LINES IN SPARK SPECTRA 
FROM }) 5927 TO 8719" 


By PAUL W. MERRILL 
ABSTRACT 


Air lines in condensed spark spectra, \ 5927 to \ 8719.—As an essential preliminary 
to the investigation of spark spectra in this region, a study of the air lines has been 
begun by comparing spectra obtained with different elements as electrodes, both in 
air and in oxygen. (1) The wave-lengths of 58 air lines, so determined, are given in 
Table I with an accuracy which is limited by the fact that the lines are usually ill- 
defined and sometimes broad and hazy. Twenty of them correspond to known 
H, N, O, or A lines, including six lines of the red spectrum of argon and four oxygen lines 
which had not previously been observed in spark spectra. Except for two more, which 
are probably due to oxygen, the rest have not, as yet, been identified. (2) All of the 
identified lines are found to be shifted with reference to vacuum tube spectra; the increase 
of wave-length is about o.1 A for the oxygen lines and two nitrogen lines, 0.3 A for 
three other N lines, 0.6 A for the argon lines, and o.7 A for hydrogen alpha and for 
three other N lines. (3) The effect of adding self-inductance is to weaken the two 
nitrogen lines \\ 6482 and 6610. 

Spectrum of condensed spark in oxygen.—Several identifications of oxygen and 
nitrogen lines by previous observers using vacuum tubes are confirmed, and the 
doubtful identification of \ 7157 as due to oxygen is strengthened. 


In the spectrum of the condensed spark in air there appear 
numerous lines which are to be ascribed to the gases of the sur- 
rounding atmosphere rather than to the material of the electrodes. 
These lines may be stronger and more numerous than the electrode 
lines. They are usually ill-defined and often broad and nebulous. 
Lines of nitrogen, oxygen, hydrogen, and argon are present in 
the spectrum of the disruptive discharge in ordinary air. 

Very little information in regard to spark spectra beyond 
6600 is available at present, although the need for it is becoming 
pressing. The recognition of the air lines is an essential preliminary 
to the investigation of spark spectra in a new region; and since it 
is always of interest to study spectral lines as produced under 
different modes of excitation, the observation of the air lines in 
spark spectra is desirable for the additional reason that many of 
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these lines occur both in vacuum tube discharges and in the 
tube-arc.' Moreover, certain of these lines are present in astro- 
nomical spectra. ‘The best-known examples are the hydrogen 
lines, but the presence of the spark lines of oxygen and nitrogen 
in stellar spectra has been recognized for some time. 

In the present investigation fifty-eight lines which are thought 
to be due to air have been observed in spark spectra from \ 5927 
to 8719. These lines have all been photographed in the spectrum 
of the spark between electrodes of at least two elements, carbon 
and aluminum. Most of them have been photographed with 
several other elements also. For the region of wave-length greater 
than \ 7000 the air lines are the most striking features of the 
spectra of all. the elements observed, including Al, C, Ca, Co, 
Cu, Fe, Ni, Ti, so that the photographed infra-red spark spectra 
of these elements appear much alike. 

Wave-length measurements.—The lines which have been meas- 
ured in the present investigation appear in the first column of 
Table I. Their relative intensities are in the second column. 
All the lines are more or less hazy and diffuse; those which are 
especially so are marked “‘h.” The voltage employed was 8000, 
the capacity about 0.1 microfarad. No auxiliary spark-gap was 
used. No special temperature control was provided for the 
electrodes but care was taken that they did not become excessively 
hot, for in that case the characteristic spark features are weakened 
and the spectrum tends to become like that of the arc. 

At 6456 and 6950 are broad hazy patches which cannot 
be accurately measured. 7479 is a curious feature extending 
from 7476.7 to \ 7482.1. It is markedly unsymmetrical, being 
stronger toward the violet. Presumably it is composed of several 
ill-defined lines completely blended. Most of the other lines are 
fairly symmetrical, though lack of symmetry was especially noted 
for AX 7424, 7442, and 7468. With high dispersion the lines of the 
oxygen triplet \\.7772, 7774, 7775 appear slightly unsymmetrical. 

All the lines have been measured with a dispersion of 16.8 A 
per mm; the stronger ones with 3.7 A per mm, and \)\ 6482 and 


‘Arthur S. King and Paul W. Merrill, ‘“Recent Observations of Tube-Arc 
Spectra Especially in the Infra-Red,” Physical Review, 14, 271, 1919. 
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TABLE I 
Arr LInrEs IN SPARK SPECTRA 

TA, Int. ens oe ise Vacuum Tubes 
itis Sito ors etter on 5 .02 5927.88 03 5927.57 N 
BOS TRO nchentre cree Se rh .02 5931.85 4 5931.50 N 
ROANIIGA cies lta ors <rers II .02 5941.65 .05 5941.49 N 
NOGA See nce Mette 4 .02 5952.48 .03 5952.20 N 
GLOGS ot cea oe th (cO4) See Bh acon elie sevens tell eee ee 
OR TeOer ie ae ns 3h (4:8) 6170.4 Be EE eeeeate ere tray 5 
SVP tee Yates ga ements I (.03) 6284.4 (2) 6283.29 N 
O35S 013 Meee eke oh (2O8)o al cdeeane cae ce linn tants 6356.78 N 
OSFOVOLE | ciamte et oh (506) | ccrrore afetiee sere || Reet rete ee er 
Ea eae seer 3h .03 6379.7 (.2) | 6378.79 N 
OFCOM Bsconlonicsioe 8 aide base apnea eyed tere ie eee ewe allure ts cece O 
O4S2- OF Ae ak os ies Gi) 004 6482.045 .O1 6481.34 N 
ORL eres hoa eae 12vh 06 6563.3 wit 6562.79 H 
GBOKONSOU. oes cos 8 .007 6610.41 .04 6610.06 N 
LS3) Vo Rar fn eR a ° GAD aed Rane eeertente es arr anl eer se hand sone oc 
OGOSALIS Vicia cere 2 OS Nisistacaracerene Uealeue'| oie esusiate, « |felangesuengene teeta. 
G7 2ETOS Ge eterna I ey eet Oe en orinc yoaodl Nantoordlaoascco Sheba es 
68riO Rc oe ° Ce ey cnet Grace oon Bh aanooase.cdsc 
WGO4 sp orcwcchaveniocans (ove Jian [ier norairedl bonnie restores laren icon Bao cas 
GESFROT Sore ais covets I (206). 7 eae ee REE eee eee eens 
GOSOe aise Geshe Ate lecesentereeercees hearer eertaarha| (fae rar Nl nt aren m eck ao 
OGOSSO5s se <b enna I (oY Wea | eres Ae cad errel tpesectonsc 6965.43 A 
BOOM LOM iS Stacie eee ° (OS) 00 FRc ea iso eile casera. 7067.22 A 
7a tiny (oO en ea 9 POR. We Ulatsbaayaieteuecevenert'linetera craters Chip 
«Bae! Bi eisee ON OAT Obs I (GOA) 9G eearee ia oe ee 7383.98 A 
ADA OM aad eee ears 8 NOD" © silcceig hesveteen thozall epoeakerersne tll ane aseemenel ee anne 
FU eI clans WAbea Bd roe ° Ce a as I aera er arg noe tncan Sotartn cn ons. 
WAAZaUO Neha, sa aie te 10 SOT), WER cocca tan cuir ye, mete tere Fall tek cectcet mre tenant 
TAS Oo TeeteR Ce aes ° Cte oe [ees eaec eovetate tl eae erat || otra eae ee 
WAOGAT ZR Stas ees 14 ECP ek the rn ni erro oe lem ciee (7474.  O)? 
THe TONSA SAE (Oro OEE PMS D roreeig el abe roc ema ena Bell nc eere RM LE on ccerhins Bea S 6-6 
COA ISA» otc. axe Bare e's ° (OA) een tee eteeae RN eee ee 7503.87 A 
TG URMLOR + gene etter. fr ° (COT) WA eee oe ree re eas 7514.65 A 
TORE TO seers, sites I (07) aes eae eee eet: 7635.11 A 
DO Tere aietefers eee 10 OL mas | Strays wert ote lire those 7771.97 O 
THe RO OOS Oe 4 JOTe sel aeuteenincn| sete een. (7774.00)O 
Poe OO an eeeeen 6 0 Tara t ltt tow eaten | teeters (7775 .67)O 
VOM iOS carters Te. oor 4 SOLS) ecavnasncie ete eere |e tenants orien eenmerenteuner nets 
POG E al Oercuste cy ae e1- 3 (06) Mh Mle waste sl eateahe o, 2 eerie ay enna’ 
TO ARC Pact Sede 2 (2) a etaansarace tess ore autre cartes eae a rotenone 
BUSS OO Morte ster. 4 Gio2) ae |e aoe eee ealligre nave ne. pete 
Sats Gibiaoe HOBO 4 (Gey) a en aninip el Eomnm nal arerns ororso 
B200n a Tern coe I (ROB) Aleem eeu cele eceresmaks Glisten senrttecs crohns 
Son Eel Overseer notions 2 (Grey) ale eee treraran Neal Pie mes menial bomnarariO te She 
S2LOnT omar ecmciee ae 7 Oe) hay tlle soe Waka nt Hl eh mse ete Se See Och 
B2280 4S cote Weyer ois 4 (S62 ee | Scio bntte ct. cit cate eaten lesieete eee noe gs 
SABO DO ns os eutacs ees ° oe aber Orc in nea SG leero Ren aC Orr 
SPY. Winkol otras oy Srna 4 BEND 1 i heegetan svarederonn loser ob a locas aeracws Sic. 
SAAC OA rare erate niceyss 5 Ree) a iecestaechsctencr cate oe eee ra 8446.42 O 
SEO vaiare ete svasevavonse’ OOM mY | Setarcre oie atesllits sre teheneveer Atos eral ioh auemekchov| Gvevspeqanemntenerevenvers 
SOB OKO2 serena ° (erie Ileana cenccad ee eecnallanonourras occ 
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TABLE I—Continued 


ILA. Int Probable) |i eae tees | | aera vacua eee 
SOSONO Sires tate 2 (HOA CU let recie detec | oneeaatelonedel | ererekere est paaaeoear 
8683708 akin wanes I (Og) Serle ak oiel| ced ee a eee oe ae 
SOSOc AT acne rhaet Rae (Ay) a PROP mE] MEO OHILE lancom pers Dctad ¢ 
SOD ena suennen OOP Ue Rs air 28ers Coat oral srsill eteronsaan satel | (al tenets teh a anec eeaeeet 
S703 Owan aac eee (ole) (22) ERR Laka corel bid ve cans te secudes oketae eer eran 
S71 200s hae re ° FE hp) ea (pe mE ree 4 ne rir el tain cA Gants crc 
SILOM 2 hake eet eee fore) CEO) ry tllnelh Sater eee | Beare cpereee ei ioa me etone eemeepeae nate 


6610 with 1.8 A per mm in addition, first-order grating spectra 
being used in every observation. The spectra having 16.8A 
per mm and some of those having 3.7 A per mm were obtained 
on films, the remainder on glass plates. The wave-lengths were 
determined in most cases by reference to iron-arc comparison 
spectra, usually in the second order, but on some plates in the 
first order. Wherever possible, however, lines in the spark spectra 
themselves were used as standards. For this purpose the expo- 
sures to the calcium and copper sparks were especially suitable. 
The wave-lengths of the metallic lines were taken from Scientific 
Papers of the Bureau of Standards, Nos. 312 and 324. 

In the fourth column appear the mean wave-lengths found by 
previous observers.’ In the third and fifth columns are the prob- 
able errors; those in parentheses, depending on a small number of 
determinations, have been estimated; the others have been com- 
puted from the residuals in the usual way. 

Hydrogen.—The hydrogen line Ha which appears on all of the 
photographs is exceedingly diffuse and difficult to measure. 
Measurements on a considerable number of exposures, however, 
have given the wave-length \ 6563.5, with a probable error of 
0.06 A. The effective wave-length thus found is 0.7 A greater 

The principal sources from which these wave-lengths:have been taken are Otto 
Schulemann, ‘‘Das Funkenspektrum des Indiums,” Zeitschrift fiir wissenschaftliche 
Photographie, 10, 263, 1911-1912; Franz Joseph Kasper, ‘“‘Messungen am Silber- 
spektrum,” ibid., p. 53; A. Kretzer, “Untersuchungen iiber das Antimonspektrum,” 
ibid., 8, 45, IQOQ-I9I0; Wilhelm Schwetz, “Die Spektren des Wismuts,” ibid., p. 301; 
Matthias Aretz, ‘Uber den langwelligen Teil des Kupferfunken- und Kupfer- 
bogenspektrum,” ibid., 9, 256, 1910-1911; J. M. Eder and E. Valenta, ‘“Wellen- 


langenmessungen im roten Bezirke der Funkenspektra,” Sitzungsberichte Akad. der 
Wiss. Wien, Math-naturw. Kl., 118, Ila, 511, 1909. 
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than that obtained from vacuum tubes.’ The values of previous 
observers give a slightly smaller displacement, 0.5 A. The inter- 
pretation of this apparent displacement should be considered in 
connection with the similar displacements shown by the lines of 
nitrogen and argon. 

Nitrogen and oxygen.—Most of the air lines are due to nitrogen 
and oxygen. The vacuum tube wave-lengths of nitrogen are by 
Porlezza,? those of oxygen are by Runge and Paschen,? reduced to 
the international system.‘ 

Confirmation of several of the identifications was obtained by 
operating the spark in an atmosphere of oxygen. The oxygen 
used was a commercial product and probably was not free from 
nitrogen, as the nitrogen lines were not eliminated from the 
spectrum and in fact were not greatly reduced in intensity. When 
the exposures in oxygen were so timed as to give the same general 
intensity as exposures in air, only two lines were found to be 
certainly weakened, namely \\6482.054 and 6610.39. The 
following lines were strengthened in an atmosphere of oxygen: 
AA 6158, 6456, 7003, 7157.36, 7772-07, 7774-33, 7775-60, 8446 .84. 
The lines at AA 6158, 6456, and 7003 are very wide and diffuse. 
The first and third are absent or very weak in air and do not appear 
in Table I. AA 6158 and 6456 probably correspond to triplets, 
and 7003 to a single line, all observed by Runge and Paschen in 
the series spectrum of oxygen. The last four lines are well-known 
oxygen lines, and \ 7157.36 is probably due to oxygen. A line at 
approximately this wave-length was observed in an oxygen tube 
by Runge and Paschen, though not included by them in their 
table of oxygen lines. 

The exposures with the spark in oxygen did not give sufficiently 
great changes in the relative intensities of the remaining lines in 

tW. E. Curtis, “Wave-Lengths of Hydrogen Lines and Determination of the 
Series Constant,’ Proceedings of the Royal Society, Ago, 605, 1914. 

2C. Porlezza, ‘Lo Spettro a righe dell’azoto in tubo di Geissler,” Atti R. 
Accademia dei Lincei, Serie 5, 20, 584, IgII. 

3 Runge and Paschen, Annalen der Physik, 61, 641, 1897; Paschen, Annalen der 
Physik, 27, 562, 1908. 

4K. W. Meissner, ‘Untersuchungen und Wellenlangenbestimmungen im roten 
und infraroten Spektralbezirk,” Annalen der Physik, 50, 713, 1916. 
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Table I to make it possible to assign their origins. They may be 
due to nitrogen, but this is not certain except for those of shorter 
wave-length corresponding to lines found by previous observers 
in nitrogen tubes. The identification of the remaining lines must 
await further work with the spark in atmospheres of pure gases 
or with vacuum tubes containing pure gases. 

Comparison of fhe spark wave-lengths of nitrogen lines with 
those by Porlezza in the vacuum tube shows a large positive dis- 
placement. For eight lines the mean displacement is 0.43+0.08 A, 
the probable error being computed as though the shift were 
actually of the same amount for all lines. This is not necessarily 


S TABLE II 


WavE-LENGTHS OF OXYGEN LINES 


Arc 
ae see eee ead UU a ee de a S 
SPARE RUNGE an Pascnent ensees 
Meissner* Meggers and Kiesst 
7772-07. wee eeee 7771.97 7771.98 7771-93 7771.97 
7774-33 + -++000- 7774-00 7774-19 7774-14 7774.20 
T1715 OOo vein 7775-97 ae 7775 +43 a sang 
440.3 440.3 
SAAOnS Annes 8446.42 (ee ae 8446.42 ee 78 


*K.W. Meissner, Annalen der Physik, 50, 713, 1916. 
t Bulletin of the Bureau of Standards, 14, 637, 1918. 


the case, but even so the displacement is more than five times 
the probable error. Including one more line (A 6358), poorly 
determined, gives o.530.1A. Using values of previous observers 
for eight lines we get a displacement of 0.520.08A. The chance 
that these displacements are due to accidental errors is negligible, 
and it would be surprising if systematic errors to the amount of 
o.4 or o.5 A should exist in either series. 

The wave-lengths of four oxygen lines.as found in various 
sources are collected in Table II. The spark lines seem to be 
displaced toward longer wave-lengths as compared with other 
sources, though by smaller amounts than occur in the similar 
displacements shown by the lines of hydrogen, nitrogen, and argon. 
The vacuum-tube values of Runge and Paschen for the second 
and third lines are admittedly inaccurate. 
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These four infra-red oxygen lines are essentially spark lines. 
They are faintly present in the arc’ and are fairly strong in the solar 
spectrum.’ A preliminary photograph by Mr. Ellerman and the 
writer indicated that the triplet at \\.7772-7775 is much weak- 
ened in the spot spectruny as compared with the disk. This is 
conclusively shown by an excellent photograph secured by Mr. 
Brackett. It would not be surprising if this triplet were found to 
be strong in the spectra of certain stars of types B and A. 

Argon.—The photographs show six faint lines near the positions 
of six of the strongest lines of the so-called “red” spectrum of 
argon. Lines of wave-length 4000-5000 in the “blue” argon 
spectrum have been previously observed in spark spectra,3 but the 
writer is not familiar with any record of observation of lines of 
the “‘red’’ spectrum in the spark. As these lines are produced in 
the vacuum tube without capacity, it seems somewhat peculiar that 
they should appear in the condensed spark. Their effective wave- 
lengths in the spark appear to be greater than the vacuum-tube 
values.4 The six lines give a mean displacement of 0.59+0.06 A. 

Self-induction—A few exposures were made with about o.1 
millihenrys self-induction in the electric circuit. The only striking 
change in the appearance of the spectrum is the pronounced weak- 
ening of the nitrogen lines \\ 6482 and 6610, though many of the 
lines probably become narrower. 


SUMMARY 


1. Fifty-eight air lines have been photographed in spark 
spectra from \ 5927 to 48719 and their wave-lengths determined 
with varying degrees of accuracy. 

2. The lines which can be identified at present are due to argon, 
hydrogen, nitrogen, and oxygen. 

: An unpublished observation by Mr. Babcock to which he kindly permits ref- 
erence in this connection shows that the three lines at A\ 7772, 7774, and 7775 are 
quite strong at the poles of the iron arc, especially at the positive pole, as would 
be expected of spark lines. 

2That \\ 7772, 7774, and 7775 are not caused by the earth’s atmosphere, but 
are true solar lines, was shown by St. John (Annual Report of the Director of Mount 
Wilson Observatory for 1911). 

3 See discussion by A. S. King, Astrophysical Journal, 21, 344, 1905. 

4K. W. Meissner, Annalen der Physik, 51, 115, 1916. 
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3. An attempt to distinguish between the nitrogen and oxygen 
lines by operating the spark in an atmosphere of oxygen confirmed 
several previous identifications, but was inconclusive in regard to 
most of the new lines. 

4. The effective wave-lengths of the lines of argon, hydrogen, 
and nitrogen appear to be greater in the spark than in vacuum 
tubes by several tenths of an angstrom unit. The oxygen lines 
show the same effect to a smaller degree. 

5. Self-induction in the spark circuit causes a relative weaken- 
ing of the nitrogen lines AA 6482.054 and 6610.39. 

In conclusion it may be noted that this investigation is pre- 
liminary and incomplete. Further work on the apparent dis- 
placement of the lines is required in order that its true character 
and interpretation may be found. Chemical identifications should 
be established for the unknown lines by operating the spark in 
very pure atmospheres of oxygen, nitrogen, and argon. 


Mount WILson OBSERVATORY 
February 1920 


218 


Contributions from the Mount Wilson Observatory, No. 184 
Reprinted from the Astrophysical Journal, Vol. LI, pp. 257-262, 1920 


ON THE APPLICATION OF INTERFERENCE METHODS 
TO ASTRONOMICAL MEASUREMENTS 


By A. A. MICHELSON* 
ABSTRACT 


An interference method of measuring extremely small angles and changes of angle.— 
Thirty yéars ago the author called attention to the possibility of measuring such 
minute angles as the diameters of planetoids and satellites and the distance between the 
components of double stars by observing the interference fringes produced at the focus 
of a telescope whea only two portions of the objective, located on the same diameter, 
are used; for it was shown that as the distance apart of the apertures is increased the 
visibility of the fringes reaches a minimum for a distance equal to 1.22 d/a, or 0.5 
d/a, for a disk or double star respectively, when 2 is the effective wave-length and 
a is the desired angle. This beautiful and simple method was applied successfully 
by the author in 1891 to the accurate measurement of the size of Jupiter’s satellites 
but was not tested on stellar objects, probably because it was supposed to require 
ideal seeing conditions. Last year, however, the author discovered by tests at Yerkes 
Observatory and at Mount Wilson that even when the “seeing” was bad, clear and 
relatively steady fringes could be obtained; and Anderson, using the 1oo-inch reflector, 
has recently measured the separation of the components of Capella, 00545, within less 
than 1 per cent by the application of this method. In fact the 100-inch could measure 
with accuracy separations as small as o”025. But to determine the diameter of a 
fixed star, a distance between apertures of at least 10 meters would be required; so 
that an interferometer arrangement would have to be substituted for the telescope. 
The author also suggests that by the use of prisms to superpose the fringe systems 
of two stars, small relative motions and parallaxes could be measured. 

Relative brightness of components of double stars may also be determined from the 
relative visibility of the focal fringes at minimum and maximum visibility. 


In the number of the Philosophical Magazine for July, 1890 
(30, r), a method was described for the measurement of the angular 
magnitude of astronomical objects such as the diameter of planet- 
oids and satellites and the distance between double stars, when 
these are beyond the powers of the largest telescopes, and the hope 
was there expressed that it might not be impossible thus to measure 
the diameter of the fixed stars. 

Briefly, the process consists in utilizing only the two portions of 
a large objective at opposite ends of adiameter. The interference 


t Research Associate of the Carnegie Institution of Washington, Mount Wilson 
Observatory. 
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fringes at the focus under these conditions will be a series of 
equidistant interference bands which are most distinct with a 
source subtending an infinitesimal angle. For an object present- 
ing an appreciable angle the visibility is less and may become 
zero—the exact relation being readily expressed for any given 
distribution of light in the source. Thus if ¢(a)da represent the 
intensity of a strip of the source of angular width da, and s the dis- 
tance between the apertures (supposed small compared with s), and 


if P= { ¢(a)da, C= f$(a)da cos oma, and S= { o(a)da sin oma, 


then the visibility of the interference bands is 
° VO+S? 
BA emeny pce f 
Thus for a double star, the brightness of whose components is in 
the ratio 1:7 and whose angular distance =a, 


| 1+7?-+-2r cos ama 
I+? ; 


TSO 
? 


For equal components this reduces to cos 5 which vanishes 


for a=}. Accordingly this angle can be accurately measured 


when it is only half of the limit of resolution of the full-apertured 
telescope. 
Again, by comparing the visibility at maximum and at minimum, 
the ratio of the brightness of the component stars may be found by 
Piet ed 
Vit+V," 


For a uniformly illuminated disk 


V= (Vite cos whdw 


S : : : 
where n= , a being the angular diameter. For,such an object 


the fringes vanish for an angular diameter a=1 aa" : 
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A series of observations was taken on the satellites of Jupiter 
at the Lick Observatory the following year with results which 
amply confirmed the practicability and accuracy of the method. 

It is clear, however, that as in all probability the stars present 
an angular diameter less than one-hundredth of a second, it would 
be almost hopeless to make such measurements, utilizing the 
largest telescope in existence; for it would require a distance 
between the apertures of at least ro meters to observe the vanish- 
ing of the fringes." While such a large telescope would be entirely 
out of question, the interferometer arrangements figured in the 
article referred to may serve the purpose, as there is theoretically 
no limit to the effective base line and practically only that which 
depends on the atmospheric disturbances. 

With a view to testing the effect of these, a trial was made 
(August 25, 1919) with the 4o-inch refractor at Yerkes Observa- 
tory, using two apertures 4 inches by 5 inches at opposite ends 
of a diameter. The result was very encouraging, the interference 
bands being remarkably steady, notwithstanding the relatively 
poor “seeing’’—2 to 3 on a scale of 5. 

On invitation from Dr. George E. Hale the test was applied 
(September 18, 1919) to the 60-inch reflector of the Mount 
Wilson Observatory and then to the 1oo-inch reflector, and in 
both cases the experience at the Yerkes Observatory was con- 
firmed. 

In the case of the 60-inch telescope the apertures were applied, 
as in the case of the 40-inch, to the objective; while for the 1oo-inch, 
it was found quite as effective and far more convenient to use a 
small screen with two apertures near the eyepiece, the distance and 
orientation being thus much more readily controlled while the 
effective size and separation of the two interfering pencils remain 
the same. 

The interference fringes in both observations remained remark- 
ably clear and steady, notwithstanding the excessive “‘boiling”’ of 
the highly magnified images corresponding to “‘seeing”’ 2 on a scale 
of Io. 

tA diminution in visibility, however, might be observed with a diameter of 
2 meters, 
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Subsequent observations showed that the interference bands 
remain visible even when the seeing is so poor that the usual type 
of observation is impracticable. 

A statement of results obtained by this method by Dr. J. A. 
Anderson of the staff of the Mount Wilson Observatory from 
observations of the spectroscopic binary Capella is herewith 
appended. 


STATEMENT OF RESULTS FROM OBSERVATIONS OF CAPELLA WITH 
THE MICHELSON INTERFEROMETER 


Date of Observation Distance |Position Angle Remarks 

a anD RnR NE Nin Lineal PE Seed PEAS ee 

December 30.6 1919 0”0418 (153°9) | P.A. calculated. Only the dis- 
tance observed accurately* 

February 13.6 1920 0.0458 5.0 

February 14.6 1920 0.0451 I.0 

February 15.6 1920 0.0443 356.4 

March 15.6 1920 0.0505 242.0 

April 23.6 (1920 (0.0439) 107.0 | Distance calculated. Only the 
position angle observed accu- 
ratelyt 


* The rough observation of position angle was 148° 10°. 


t Observation made in strong daylight. The blue background shifted the effective wave-length 
to the red, causing the observed distance of 0%0402 to be much too low. The background could not 
affect the position angle. 


Using the following elements’ for the orbit, these observations 
are satisfied as indicated: 


Q:+@2= 0705249 (a:+42) sin t= 83,277,900 km 
é€é = 0.016 
@ =I117°3 
4 =140°30' 
Position angle of Q = 45°55/ 
T =J.D. 2,422,387.9 or P=104.006 days 


*See orbit by H. M. Reese, Astrophysical Journal, 14, 263, 1901, for values of 
(a:+4,) sini, of e, and of w. a; and a, are the semi-major axes; e, the eccentricity 
(same for each orbit); omega is the distance of periastron from the ascending node in 
the plane of the orbit; 7 is the inclination of the orbit to the line of sight; @ is the 
symbol for the ascending node and is here equivalent to the position angle on the 
tangential plane. 
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Date t—T a i r ae 
1. December 30.6 1919] 3977 | rand 5 o%05249 | 180°-39°31’ | of04180 | 153° 
2. February 13.6 1920] 84.7 | 2and 5 0.05250 -39 36 | 0.04583 4.6 
3. February 14.6 1920] 85.7 | 3and 5 0.05248 -39 22 | 0.04506 10 
4. February 15.6 1920] 86.7 | g”and 5 0.05249 —39 31 | 0.04430 | 357.3 
5. March PECO G20] Miles tt aty eer etre oe -39 30 | 0.05050 | 242.4 
6. April 23.6 1920] 50.7 |__| —| 0.04391 | 107.2 


Means 0.05249 | 180°-39 30 


Parallax of Capella o%0600. 


It appears from a comparison of these results with the orbit 
that an order of accuracy of one ten-thousandth of a second of arc 
is attainable in the case of Capella with a base line of 100 inches. 

In these observations the distance between the apertures was 
fixed, and the vanishing of the fringes was observed at the appro- 
priate position angle. 

The complete disappearance of the interference bands showed 
that the component stars are of equal brightness; otherwise 
the visibility would have a minimum from which the ratio of 
the brightness may be obtained as indicated above. 

For this, however, it would be necessary to measure the 
visibility, or at least to calibrate the eye estimates. 

This may be effected by adjusting the relative width of two 
auxiliary apertures so that the resulting visibility of a single com- 
parison star (or of the double star in a direction perpendicular to 
the plane of the components) is the same as that which is actually 
observed. 

If the ratio of the width of the apertures is p, then when the 
visibilities are equal in the two systems of fringes 

2 


elas ° 
aan 


Other problems which involve the comparison of two stars, 
such as the measurement of stellar parallax, proper motion, varia- 
tion of latitude, etc., may also be undertaken by a modification of 
the interference method. For this two prisms or prism couples 
are similarly placed in front of the apertures, with the plane of 
refraction parallel with that passing through the two apertures 
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and the axis. This plane is rotated until the direction coincides 
with that of the stars to be compared. The refraction by the 
prisms is then altered (by rotating the single prisms in the same 
plane, or by equal and opposite rotations of the elements of the 
prism couples) until the two systems of fringes are superposed. 
Any change in the relative position of the stars is accompanied 
by a corresponding alteration in the appearance of the fringes, 
which is then compensated by rotation of the prisms, from which 
the change in position may be determined. 

Preparations are now under way at Mount Wilson for testing 
the possibilities of the interferometer method with a base line of 
18 to 20 feet. 


“ 
RYERSON PHYSICAL LABORATORY . 
June 1920 
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APPLICATION OF MICHELSON’S INTERFEROMETER 
METHOD TO THE MEASUREMENT OF 
CLOSE DOUBLE STARS 


By J. A. ANDERSON 
ABSTRACT 


Michelson interference method of measuring close double stars.—It is surprising that 
this method of accurately measuring angles as minute even as half the limit of 
resolution of the telescope used has heretofore been applied only to Jupiter’s satel- 
lites. But after Michelson found by tests last year at the Yerkes Observatory and 
at Mount Wilson that clear and relatively steady fringes can be obtained even when 
the “seeing” is bad, steps were taken to apply the method to the measurement of 
the separation of the components of Capella. The arrangement of apparatus adopted 
is described in full. The apertures were placed near the focus instead of at the 
objective and set at a fixed distance apart, somewhat greater than the distance for 
minimum visibility, and were then rotated and the four position angles which gave 
minimum visibility were determined. After the effective wave-length for a G-type star 
had been found by laboratory experiments with sunlight to be about 0.550 y, the 
position readings gave both the angular separation of the components and the 
direction of the line joining them. The effect of atmospheric dispersion is in general 
to shift the center of the system. Two methods of compensating for this effect are 
suggested. A method of determining the relative brightness of components when the 
ratio is not more than 1.5 is described and illustrated. 

Accuracy.—In the case of Capella, the separation, about 0705, was determined 
within considerably less than x per cent. As to the limits of applicability of the 
100-inch reflector in such measurements, the theoretical resolution limit with the 
interferometer is 07025, and double stars down to about the eleventh magnitude 
should be measurable under ordinary observing conditions. 

Elements for Capella as determined by the Michelson interference method.—Obser- 
vations made on six dates, December 1919 to April 1920, give the following results: 
a=0%052490; T=J.D. 2,422,387.9; t=140°30’. These combined with spectroscopic 
elements give: P=104.006 days; d:+d2=130,924,000 km; #i=4.620; m=3.050. 

Interference method of measuring atmospheric dispersion, by its effect on the fringe 
systems of stars at various zenith distances, is suggested by the author as likely to 
prove very sensitive. 


The astronomical applications of the interferometer have been 
discussed by Professor Michelson in a number of papers.‘ He 


t Philosophical Magazine (5), 30, 1, 1890; (5), 3%, 338, 1891; (5), 34, 280, 1892; 
American Journal of Science (3), 39, 115, 1890. 
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explains how the diameters of stars can be measured, considered 
as uniformly luminous disks; and, in case there is darkening toward 
the limb, how the amount of darkening can be determined. Fur- 
ther, if a celestial object is not circular in apparent shape, he 
explains how its exact shape may be found. Special cases, such 
as double stars, are fully treated. 

In view of the great beauty and simplicity of the method, it is 
rather surprising to find that the only application it has had up 
to the present time is to the determination of the diameters of 
Jupiter’s satellites, and this was done by Professor Michelson 
himself. It is possible that astronomers who in general are so 
much troubled by the phenomena of “bad seeing” have had a 
feeling that ‘an instrument so extraordinarily sensitive as the 
interferometer is known to be could hardly, if ever, be used, espe- 
cially with the larger telescopes. 

On September 18, 1919, Professor Michelson made a final test 
of this point by applying the interferometer to the 60-inch and 
1oo-inch telescopes of the Mount Wilson Observatory, and found 
that the interference fringes were easily observed, although the 
seeing at the time was rated about 2 on a scale of 10. He had 
on August 25 found similar results with the 4o-inch refractor of 
the Yerkes Observatory. Accordingly, it was decided to give the 
method a trial with the roo-inch reflector, and Mr. Hale requested 
the writer to undertake the experiments described below. 

As it appeared probable that an aperture much larger than 
100 inches would be required for effective work in measuring stellar 
diameters, it was decided to apply the method to the measurement 
of some double star, if possible, to one too close to be measured 
with the usual method. Capella was selected, because an estimate 
of the separation of its components, based on knowledge of its 
spectroscopic orbit and parallax, places this around 3!, second of 
arc, which should be easy to measure with the interferometer 
applied to the 10o0-inch telescope. 

A preliminary observation (by Mr. Pease and the writer) was 
made on December 30, 1919, the chief object of which was to learn 
just how the interferometer should be constructed in order that it 
might be suited to the measurement of double stars. This obser- 
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vation gave the distance between the components of Capella with 
a probable error of about 1 per cent; a reading of the position angle 
was also made, but it was so very rough that it might easily be in 
error by 10° either way. Regular observations with the improved 
form of apparatus were made on February 13, 14, and 15, March 15, 
and April 23, 1920. 

As shown in the diagram (Fig. 1) the interferometer consists 
simply of a plate (A) having two apertures in it, placed in the 


Fic. 1 


converging beam of light coming from the telescope objective or 
mirror. The interference fringes formed in the focal plane are 
viewed with a high-power eyepiece E. The entire interferometer 
can be rotated about the telescope axis so as to vary the position 
of the line joining the centers of the two apertures; and the aper- 
tures themselves are so arranged that their distance apart can be 
varied, the actual separation being read on a scale at the eye end 
of the instrument, where the circle is also located from which the 
position angle of the apertures is read. The plate carrying the 
apertures can also be moved entirely out of the beam of light to 
facilitate the accurate centering of the star to be observed. 

The method of making the measurements differs slightly from 
that described by Professor Michelson,t and will therefore be 
described in sufficient detail to be clear even without reference to 
any previous work. 

Let the light from a star fall upon two apertures placed (for 
simplicity) in front of the telescope objective or mirror. Let the 
width of each aperture measured along the line joining their 
centers be d; let the distance between their centers be D. The 


t Philosophical Magazine (5), 30, 1, 1890. 
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shape of the diffraction pattern seen in the focal plane of the 
telescope will depend upon that of the apertures; but we are here 
concerned only with its dimension in the direction of the line 
joining the two apertures, and this, in angular measure, as seen 
from a distance equal to the equivalent focal length of the telescope, 
isa=2Cd/d. The intensity, being, say, unity at the center of the 
pattern, falls to the first zero value at an angle a/2 from this point. 
C is a factor depending on the shape of the apertures. For rec- 
tangular slits, C=1; for circular apertures, C=1.22 nearly. Upon 
the diffraction pattern will appear the interference fringes, these 
being at right angles to the line joining the two apertures. The 
angular distance between two bright fringes is \/D. Hence the 
number of fringes which can be seen on the central diffraction disk 
depends on the ratio D/d, and is equal to 2CD/d. If this number 
is greater than 10, the fringes farthest from the center will, in 
general, be invisible in white light, because of the overlapping of 
the different colors. 

Now assume that this arrangement is pointed at a double 
star, the angular separation of its components being 6. If 6 is 
larger than 2Cd/d, two separate diffraction patterns will be seen, 
each with its own system of interference fringes. When f is less 
than 2Cd/d the patterns will overlap more or less; and if 8 is just 
equal to \/2D and the position angle of the double star is the 
same as that of the line joining the two apertures, the conditions 
are such that a bright fringe due to one component falls on a 
dark fringe due to the other component, or we may say that the 
two fringe systems are out of step by just one-half a fringe; and 
hence, if the two component stars are of the same intensity the 
visibility of the fringes near the center of the pattern will be zero. 
(It is, of course, clear that minima of visibility will occur for 
B=NX/2D, where N is any odd integer.) Hence we may say that 
the interferometer “resolves” two stars whose angular separation 
is \/2 D, just as a circular telescope objective of diameter D will 
resolve two stars whose separation is 1.22\/D; thatis, the resolving 
power of the interferometer is somewhat more than twice that of a 
telescope of the same aperture. It should also be borne in mind 
that useful measurements may be made with the interferometer 
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even when the angular separation is much less than \/2 D, as 
will be discussed more fully below. 

Let D, denote the smallest value of D which will cause the 
fringes to disappear for a double star having equal components. 
If we choose D a little larger than D,, so that D,=D cos 8, it 
is evident that the fringes will be visible when the position angle 
of the apertures is the same as that of the double star. If 
now the interferometer be rotated through an angle +6, the 
fringes will just disappear; and the same thing will happen when 
the instrument is rotated through an angle 180°+6. For any 
value of D greater than D, there are, therefore, four values of 
the position angle, for each of which the fringes disappear, or have 
minimum visibility, according as the two components of the 
double star are of equal or of unequal intensity. From these four 
position angles and the known value D one can obviously find 
the value of D, and the position angle of the double star. There 
will, of course, be two possible position angles differing by 180°, 
but, as will be explained presently, unless the two components 
have exactly the same intensity and the same color, even this 
uncertainty may be removed. 

The method just described was employed in the present work 
on Capella. As a rule, a complete observation included three 
complete rotations of the interferometer for each of three values 
of D, making a total of thirty-six readings of position angle. The 
values of D were so chosen that 6, as defined above, should lie 
between 30° and 50°. Under these conditions and with reasonably 
good seeing the probable error of a single reading should not 
exceed 3°. It is the author’s opinion that with a little practice a 
good observer will be able to reduce the probable error of a single 
setting to about 1°. The corresponding error in the distance is 
about 1.8 per cent. The time required for a complete observation 
was about one hour, but it is reasonable to expect that when one 
becomes accustomed to observations of this kind no more than 
fifteen minutes will be required. 

Given a suitable arrangement for measuring the “visibility”’ 
of the fringes, the following method of observation may be used. 
Choose a value of D smaller than D,. Determine the visibility 
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at position angles differing from each other by, say, 15° all the 
way around the circle. If the object is a double star, the visibility 
will show two maxima and two minima in a revolution. (This 
will also be true if the object has the form of a luminous surface 
longer in one dimension than at right angles thereto. Further 
measures will, however, readily distinguish between this case and 
that of a double star.) Repeat twice, using two other values of D. 
The data thus obtained should be sufficient to determine both 
position angle and distance of the double star, with a high degree 
of accuracy, and without requiring a value of D as large as Dp. 

Having found D, as explained above, we need to know only 
d in order to compute B, since B=/2 D,. The value of d for 
the sun was found from laboratory measures, using as an arti- 
ficial double star two small round holes illuminated by sunlight 
reflected from freshly silvered mirrors. The constants of the 
apparatus were determined by direct measurements, and also by 
observations on the artificial double star illuminated by very 
nearly monochromatic light of known wave-length. The results 
from two series of observations with sunlight were 5498 A 
and 5500 A. It seems safe, therefore, to use for a G-type star 
X=0.0000550 cm, and this value was employed in reducing the 
observations of Capella. 

Tn this connection it is important to bear in mind the réle played 
by the background on which the interference pattern is observed. 
On April 23 an observation of Capella was made in full daylight. 
The observation was very easy to make, but on being reduced, 
using the value of \ given above, the distance between the com- 
ponents came out approximately 10 per cent too small. A little 
consideration shows that this might have been predicted, for the 
skylight, being relatively very rich in blue light, would reduce the 
visibility of the blue fringes much more than that of the yellow or 
red fringes, thus resulting in a considerable increase in the value 
of the effective wave-length. 


EFFECTS OF ATMOSPHERIC DISPERSION 


When observations are made at some distance from the zenith 
it is found that for certain position angles of the interferometer 
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the center of the fringe system does not fall on the center of the 
diffraction pattern and may even be displaced to such an extent 
that the fringes cannot be seen at all. This happens when the 
line joining the apertures is perpendicular to the horizon. The 
cause of the phenomenon fs atmospheric dispersion, as became 
evident from a series of observations on a star at zenith distances 
between 50° and 20°. The phenomenon is well known to physicists 
who have used interferometers. For completeness, however, the 
explanation will be reproduced here. 

To fix ideas, let us consider a star at zenith distance 45°. As 
seen on the sky it is really a short spectrum, the violet end above 
and the red end pointing down toward the horizon. Set the 
interferometer at right angles to this spectrum, that is, with the 
line joining the apertures parallel to the horizon. The fringe 
system will be seen central on the diffraction pattern, but the 
fringes will be closer together at the upper edge than at the lower, 
for the former are in violet light, the latter in red light. Hence the 
fringe system is fan-shaped, very much as indicated in the diagram 
(Fig. 2). Now, if we rotate the interferometer through V 


an angle of go°, the central fringe will no longer be 
white, but colored-—a spectrum whose width is equal p 
FIG. 2 


to the length of the little stellar spectrum seen on the 
sky. The order of colors in this fringe is violet above, 
red below. The angular width of this fringe for the case we are con- 
sidering (s=45°) is about 078, and is therefore equal to about ten 
times the distance between two bright fringes when D=113 cm. 
Consequently, in this part of the system the fringes overlap to 
such an extent that the result is perfectly uniform illumination. 
Let us for a moment imagine the atmospheric dispersion removed, 
all other conditions being the same. The diffraction pattern will 
then show a perfectly normal fringe system, the central fringe 
being white, the others being spectra whose dispersion increases 
linearly with the distance from the central fringe. For convenience 
let us number the fringes, calling the central fringe 0; then +1, 
+2, +3, etc., upward, and —1, —2, —3, etc., downward. The 
order of colors in the + fringes is red above, violet below, this 
order being just the reverse for the — fringes. Since the dispersion 
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increases with the order, it is evident that we can find some fringe 
which will have a given width, say 0”8, and hence will be an inverted 
duplicate of the central fringe as seen with atmospheric dispersion. 
This will evidently be one of the + fringes, say the +pth. If 
we now introduce atmospheric dispersion, the +/th fringe will 
be white or very approximately so, and will accordingly be regarded 
as the center of the system. Indeed, the fringes p—1, p—2, etc., 
will be violet above, red below, while the fringes p+1, p+2, etc., 
will be violet below, red above, as they should be. Now if # is 
greater than CD/d, the new central fringe will be off the diffraction 
pattern, in the direction away from the horizon. 

We may calculate p as a function of D and the zenith distance 
as follows: Let the limits of the spectrum be taken as \ 4500 and 
6500. Let the width of the +1st fringe be w, and its distance 
from the o fringe be W. The width of the pth fringe will be pw, 
or since w/W =4/11, the width of the pth fringe is 4p6W/11. In 
angular measure W=/D or, in seconds of arc, W=11"3/D. 
Hence the width of the pth fringe in seconds of arc is 45"2 p/11 D 
where D is, of course, in centimeters. 

The mean atmospheric refraction in seconds of arc for zenith 
distances less than about 70° is given to a sufficient approximation 
by 7’’=60 tan z. The atmospheric dispersion between the wave- 
length limits chosen is 0.0138 times this, according to the values 
given in Bulletin of the Bureau of Standards, 14, No. 4, 697-740, 
1919. Hence the dispersion will be given by 6”=0.83 tan z 
=45"2 p/11 D, whence p=o0.22D tan z. Taking D=150 cm, 
2=45°, we have p=33, which indicates that with good conditions 
of seeing this should be a very sensitive method for the actual 
determination of atmospheric dispersion. 

In order to make observations at all zenith distances, it is 
necessary to be able to compensate for this effect of atmospheric 
dispersion. The method thus far used is not entirely satisfactory. 
Two plates of plane parallel glass of exactly the same thickness 
are mounted, one in front of each of the apertures of the inter- 
ferometer. The normals to the plane faces of these plates make 
an angle of about 5° with the axis of the telescope, and hence, by 
tilting one of the plates slightly so as to vary the angle, one of 
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the two beams can be retarded or accelerated with respect to the 
other sufficiently to bring the fringe system back to the center 
of the diffraction disk. Unfortunately, as the interferometer is 
rotated, one must constantly vary the tilt of the movable plate, 
and this is annoying, especially with bad seeing, when the fringes 
are none too easy to observe anyway. A much better way, which, 
however, has not been tried yet, would be to place a prism with a 
variable angle in front of the interferometer, but mounted so as 
not to rotate with the latter. By maintaining its refracting edge 
always downward it would then only be necessary to vary the 
refracting angle with the zenith distance. It should be easy to 
arrange the mounting so that the adjustments would be made 
automatically by the action of gravity. 


SIZE OF APERTURES AND BRIGHTNESS 


The apertures which were used with the 1oo-inch reflector meas- 
ure 18.327.5 cm as seen in projection on the telescope mirror. 
Their distance apart was varied from about 120 to 200 cm. On the 
average, then, D=160 cm, and d=o.12D. With d as small as 
this, the diffraction disk is, of course, quite large compared to the 
size of the fringe system. A relatively small amount of light is 
admitted by the small apertures, and this is spread over a rather 
large area in the focal plane; hence the intensity is low. A little 
consideration will show that doubling the size of the apertures 
will result in a 16-fold increase in the intensity of the image; con- 
sequently, if we are interested in faint stars, we must use apertures 
as large as possible. In the present work on Capella this question 
was of no importance, for with such a bright star there is plenty of 
light for observations with small apertures even in daytime. 
Sufficient data were gathered, however, both with the large tele- 
scope and from laboratory experiments, to enable us to see pretty 
clearly just what can be done. 

With d=o.12 D it was found possible with the 1oo-inch reflector 
to observe stars down to the seventh magnitude, the seeing being 
usually 1 on a scale of 10. With good seeing perhaps one might 
reach a magnitude fainter. Laboratory experiments showed that 
there is practically no loss in the distinctness of the fringes when d 
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is as large as 0.5 D, which would increase the intensity two hundred 
and fifty-six times, or about six magnitudes. Hence with an 
instrument as large as the 100-inch, one might be able to observe 
stars down to the thirteenth magnitude, and there should be no 
difficulty in reaching the eleventh magnitude under ordinary 
conditions of observing. It is, of course, important to bear in 
mind that, as d is increased, the size of the diffraction disk decreases 
according to theory only if the seeing is very good. A small 


180° 


Fic. 3.—Apparent orbit of Capella 


instrument will, therefore, be much more likely to reach the theo- 
retical limiting magnitude than one as large as the 1oo-inch. 

When d is greater than 0.3 D, so that the fringe system covers 
all of the diffraction disk, the normal phase-changes over the latter 
begin to produce an appreciable effect. If, for example, two stars of 
equal intensity are observed, d being greater than 0.3 D, and D 
being so chosen that the fringes should just disappear, one finds 
that although they do disappear at the center of the disk, they 
may still be seen at the ends of a diameter parallel to the line 
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PLATE XII 


Drury Mara Via Ly ah, SAA gotinde 
34 


tp 


3S 


Position Angle of Stars 270° 


APPEARANCE OF INTERFERENCE SYSTEM FROM ARTIFICIAL STARS 
IN THE LABORATORY 


INTERFEROMETER MEASUREMENT OF DOUBLE STARS 11 


joining the two stars. If, say, the star on the right side is brighter 
than that on the left, the fringes will be visible at the center, but 
will disappear at some point between the center and the left side. 
These phenomena are beautifully shown if D is so chosen that 6 
is around 45°, the fringes being inclined at 45° to the line joining 
the two stars. Plate XII is reproduced from two series of photo- 
graphs made to illustrate this point. The position angle of the 
artificial double star used in Plate XII a was 266°, and the two 
stars had the same magnitude. The number under each image 
shows the position angle of the interferometer when the photo- 
graph was made. Plate XII0d shows a similar set for two stars in 
position angle 270°, their magnitudes differing by 1.17. It will 
be observed that in each set the image made at 35° shows the 
fringes on the right side out of step by half a fringe with the fringes 
on the left side. In a, however, the two systems meet in a vertical 
line across the center of the image, while in 6 this line is near the 
left edge. From this it is clear that if one uses a relatively large 
value of d, and the seeing is good enough to enable one to see the 
phenomena just described, there should be no difficulty in esti- 
mating the difference in brightness of the components, provided this 
does not exceed say 1.5 mag., or in removing completely the 
uncertainty of 180° in the value of the position angle. Experience 
also shows that with a pattern such as shown in Plate XII the 
probable error of a single setting for @ is not greater than 1°; in 
fact, the probable error of the mean of 10 settings seldom exceeded 
o°15. The observed co-ordinates of Capella are as follows: 


RESULTS FOR CAPELLA 


Observation Date G.M.T. Distance Position Angle Remarks 

Tae ie 1919 Dec. 30.6 0%0418 148° +10°| Position angle only roughly 
estimated 

Dive estat ats 1920 Feb. 13.6 0.0458 5.0 

Epic Feb. 14.6 0.0451 AC) 

AUN aa: tes Feb. 15.6 0.0443 356.4 

eee Mar. 15.6 0.0505 242.0 ; 7 

(ihe oats Ids BE Ape boede 107.0 Observed distance (0%0402) 
greatly in error on account 
of daylight 
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The following spectroscopic elements for Capella are taken 
from Campbell’s Second Catalogue of Spectroscopic Binaries:* 


oe Of Se 


104.022 J.D. 2,414,899.5 sO Opes! 0.016 | 36,847,900 km 0.19 
AEH BIR hats cr 8 in bitin (297.3) |.++++++++| 46,430,000 km 0.94 


Adding 72 P to T, we have T’=J.D. 2,422,389.1 as a conven- 
ient time of periastron for our calculations. The data are not well 
distributed and indeed are insufficient for a complete revision of 
the elements; but a slight change in P is, of course, allowable, 
and for purposes of fitting the observed and calculated positions we 
may regard 7” as variable with limits of +2 days. 

Let p and 2 be the radius vector and true anomaly in the orbit 
plane. Let 7 and ¢ be the radius and angle from the node in the 
apparent orbit. Then 

p cos (v-+w) =r cos ¢ 
p sin (v-+w) cosi =r sind 

Since the eccentricity is small, we may set p=a(1—e cos 2) so 

that 
r?=a?(1—e cos v)*[cos?(v-+w)+sin?(v+w) cos? i] 
=a?(1—e cos v)*[1—sin? (v-+w) sin? 4] 

Combining the fifth observation with each of the first four we 
can derive four values of a. With the mean value of a@ we can 
then find five values of 2. The values of a and z thus obtained 
should agree except for errors in the observations or in the given 
elements. We have assumed that the given elements are all 
accurate except P, as indicated above. Using T’ =2,422,389.1 we 
derive: 


Observation t—T’ M F) a ry 


1 Lick Observatory Bulletin, No. 181. 
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Reducing T’ by 0.9 and then by 1.2 days we have: 


Observation #—T’ a i t—T’ a 8 
Dene et 39%4 0705270 | 139°56’ 3097 0”05249 | 140°20/ 
PE cart SUA 84.4 .05280 138 46 84.7 .05250 140 24 
Rte cia Sielart 85.4 -05276 139 II Son7 .05248 140 38 
eee eee 86.4 .05276 T3960 86.7 .05249 140 29 
Sree cee kr TES Ace lise eee cet 139 14 TLS75 etecceereer I40 30 

Mean OnO527 Sale cuae ces Mean 0.05249 | 140 30 


By subtracting 1.2 days from 7, we arrive at a remarkable 
constancy in the values of a and z, and conclude that the observa- 
tions to date are best represented by 

T'=J.D. 2,422,387 .9, a@=0705240, 4=140 30° 

Computing the distance and position angle with these values 

we have: 


r Pos. Ang. r Pos. Ang. o-C 
Observation | (Observed) (Observed) (Calc.) (Calc.) 
r Pos. Ang. 

Faye srehaheyon 070418 148° +10°| o”%04180] 153°54’ ON O0000s| carers 
Pee .0458 5.0 -04583 4 34 |—0.00003 | +024 
Beit a .O451 1.0 . 04506 Io |+0.00004 0.0 
BoPrniass achat -0443 350.4 -04430 | 357 18 0.00000 —0.9 

IS eyels, stsya:a -0505 242.0 .05050 | 242 26 0.00000 | —0.4 

Ce Ae oR eal (anes Ameer 107.0 0.04391 TOF) VOT More tastes —0.2 


The agreement is, perhaps, better than we have any reason 
to expect, due possibly to the fact that the number of observations 
is small. However, taking the results as they stand, we can substi- 
tute in the elements as given by Campbell and derive: 

P=104.006 days. 4@;+4,=130,924,000 km. 
m=0"0600; m:=4.0620; m,=3.65 O. 


It remains to be seen whether recent spectroscopic observa- 
tions are in agreement with this new value of the period. 


Mount WILSON OBSERVATORY 
June 1920 
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PHOTOGRAPHS OF NEBULAE WITH THE 60-INCH 
REFLECTOR, 1917-1919 


By FRANCIS G. PEASE 


ABSTRACT 


Photographs of nebulae with the 60-inch reflector.—About 330 of the nebulae found 
on the 66 plates taken by the author during the years 1917-19109 are listed or described 
in this article, and 27 of these are illustrated on the 18 plates reproduced. The most re- 
markable are: N.G.C. 2146, Camelopardus, with its handlike dark marking, a spiral with 
an abnormal center; N.G.C. 3379, resembling an unresolved star cluster; N.G.C. 3384, 
with a dual, Saturn-like nucleus and symmetrical wings; N.G.C. 4395-4399-4400- 
4401, which together form a remarkable spiral; N.G.C. 4656-4657, which constitute a 
single right-handed spiral without a well-defined nucleus; and I.C.II 5146 Cygnus, 
a unique array of light and dark markings. In addition the following are described: 
(x) Spirals: N.G.C. 48, 1186, 1699, 2290, 2291, 2964, 2968, 3310, 3367, 3389, 3395-3396, 
3786, 3788, 5257, 5258, 5278-5270, 5544, 5545, 6014 (?), 6906, 6928, 6930, 7722; I-C.II 
1441, 2233. (2) Round or elongated: N.G.C. 49, 51, 1700, 2274, 2275, 2288, 2280, 
2079, 3377, 3391, 5557, 5868, 5869, 6017, 6927, 7240, 7242, 7435, 7436, 7611, 7615, 
7OE7,, 7010, 7021, 7023, 7027, 7031; LC. 922, 028; LCI 5192, 51045 oS. 
(3) Misc.: N.G.C. 955, 2294 (spindles); 1491, 1555, 2024, 2245, 2247, 2350, 2403, 2537, 
6820, 6888, 7023 (irregular); 3357 (stellar); 6703(?), 7048 (planetary); I.C.I 931 
(stellar); 1470 (irregular); I.C.II 5191 (spindle). (4) Uncatalogued nebulae num- 
bering 255. Variations from N.G.C.—The positions for N.G.C. 48, 49, 51, 2247, 
5544, 5545, 6927, 6928, and 6930 were given incorrectly. N.G.C. 5865, 5871, and 
7433 were not found. N.G.C. 6823 is a cluster and N.G.C. 6846 is a group of stars. 
In four cases, indicated above by dashes, two or more nebulae seem to form parts of a 
single system. Varzable nebulae—The changes in N.G.C. 1555 are described and 
also possible differences in the nuclear region of N.G.C. 2245, which will be investigated 
further. Other nebulae, N.G.C. 955, 1186, 2024, and 7023, showed no change. 

Spectra of two nebulae —N.G.C. 1700 is of type Go or later and has a large radial 
velocity. The spectrum of the nucleus of N.G.C. 3379 is Go or later and the radial 
velocity is +850 km per sec. 


This series of observations of nebulae covers the writer’s 
work in direct photography with the 60-inch reflector during the 
years 1917-1919. The program included (a) peculiar nebulae, e.g., 
N.G.C. 3395-3396; (0) groups of nebulae with a view to future 
measurement, e.g., N.G.C. 48, 49, 51; I.C.I 922, etc.; (c) variable 
nebulae such as N.G.C. 1555; (d) previously observed nebulae 
requiring additional photographic data, these being indicated with 
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an asterisk thus: N.G.C 955*; (e) a few objects for special pur- 
poses, and several affording data for classification photographed 
during intervals in the regular program. In addition a search for 
spirals was made along the Milky Way among the smaller nebulae 
with no success thus far. 

Trails for orientation were made on practically all the plates. 
Many of the measures have been made with a polar co-ordinate 
machine; and while this serves admirably for the determination 
of orientation and distances, the magnification (12) is too high 
for use in determining the size of the objects. For these data 
recourse was had to the polar co-ordinate réseau and a low-power 
magnifier. Many objects appearing near the edges of the plates 
have been listed; but it is to be remembered that at 10’ from the 
center of the field a star image is oval, and at 15’ it is comate 
or arrow-shaped, although poor seeing rounds out these forms, 
with some increase in size. The smaller nebulae not listed in 
the N.G.C., or the Index Catalogue, are listed as a, b, c, etc., in 
order of their right ascension. 

The descriptions apply to a particular plate or to the general 
results from a number of plates of the same object, and are not 
co-ordinated into a homogeneous series of intensities corresponding 
to the N.G.C. The nebulae have been separated into four orders 
of brightness: faint, F; medium faint, MF; medium bright, MB; 
bright, B. The following abbreviations have also been used in 
the descriptions: R, round; Irr., irregularly; gbM, gradually 
brighter in the middle; IbM, little brighter in the middle; Nu., 
nucleus; sbM, suddenly brighter in the middle. All illustrations 
are placed with N at the top, ~ on the right. 

As before, the positions are those of the N.G.C. brought for- 
ward to the year 1920. A number of these have been found 
incorrect, and recourse has been had to Bigourdan’s Observations 
des Nebuleuses et d’Amas Stellaires to obtain the correct data. 

Photographs of several objects taken with the 100-inch reflector 
have been used in this paper and are designated with the prefix 
1oo—. Several of Mr. Shapley’s photographs showing nebulae 
have been used in compiling the descriptions. These are designated 
as Shapley 2968, etc. 
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PLATE XIII 


mS Aoos 


. N.G.C. 3786, 3788 
N.G.C. 1491 
NIG Cr 86 
N.G.C. 3367 
N.G.C. 2146 


Exposure, 135 
Exposure, 160 
Exposure, 220 
Exposure, 150 
Exposure, 258 


S 27, Enlargement, 5.6,1 mm= 4. 
S 23, Enlargement, 1.9, 1 mm=14. 
S 27, Enlargement, 1.9,1 mm=14. 
S 30, Enlargement, 2.4, 1 mm=11. 
S 23, Enlargement, 3.5,1 mm= 7. 


. N.G.C. 2288,2289,2290,2291,2294, Exposure, 210" S 27, Enlargement, 1.9, 1 mm=14/4 


const ff O 


PLATE XIV 


2245, 2247, Exposure, 
Exposure, 210 S 23, Enlargement, 


2359; 


H 


.9, I mm=1474 
.5, 1 mm=II.o 


yt ie 
g oat 


PLATE XV 


a. N.G.C. 3379, 3384, 3389, Exposure, 120" S$ 23, Enlargement, 1.9, 1 mm=1474 
b. N.G.C. 4395, 4399, 4400, 4401, Exposure, 450 S 30, Enlargement, 2.0, 1 mm=13.3 


PLATE XVI 


a. N.G.C. 3395-96, Exposure, r20™ S 23, Enlargement, 5.6, 1 mm=4"9 
b. N.G.C. 4656-57, Exposure, 240 S 30, Enlargement, 1.9, 1 mm=8.5 (100-inch) 


Mie ne. 
4 a we a, 


PLATE XVII 


Ge N.G:©a5 
b. N.G.C. 5257, 5258, Exposure, 50 5S 30, Enlargement, 3.5,1 mm= 7.8 
GMAC EL GivAalsy, Exposure, 300 S 23, Enlargement, 1.9, 1 mm=14.4 


278-79, Exposure, 160" S 30, Enlargement, 3.5,1 mm= 778 


San 


PLATE XVIII 


Gols LeeAazo, Exposure, 190 S 23, Enlargement, 5.5, 1 mm= 570 
b. N.G.C. 5544, 5545, Exposure, 360 S 27, Enlargement, 5.5,1 mm= 5.0 
c. N.G.C. 6888, Exposure, 300 S 30, Enlargement, 2.4, 1 mm=11.2 


PHOTOGRAPHS OF NEBULAE 5 


To increase their sensitiveness, the plates were given a pre- 
liminary exposure. Before use at the telescope they were exposed 
to an 8 c. p. red lamp at a distance of six feet. The amount 
varied from twenty to forty seconds, depending upon the length 
of exposure to be given at the telescope. 

Mr. W. P. Hoge, Mr. J. C. Duncan, Mr. Hugo Benioff, and 
Mr. Milton Humason have assisted in making the plates, and to 
them the writer wishes to express his gratitude for the help ren- 
dered. I am indebted to Mr. Ellerman for the preparation of 
the positives for the half-tones. 


N.G.C. 48, 49, and 51, Lacerta 
N.G.C. 48 a=o® 9™52*, 6=+47°47/8 
N.G.C. 49 a=o0 10 13, 6=+47 48.0}(1920); A=84°, B=—14° 
N.G.C. 51 a=o10 26, 6=+47 48.9 
Plate No. 309, 1917, November 16, 130™. Images large 


A group of eleven nebulae, six of which are described by Barnard 
in A.V. 4136. Eight are elliptical in shape, the other three irregu- 
larly round. Two have distinct spiral structure, four have strong 
bright, almost stellar, nuclei. Two are medium-faint, almost uni- 
form spindles, and the remainder, faint patches with slightly 
brighter middle. 

The positions given in the N.G.C. are not correct, those above 
being obtained from Barnard’s corrected values. The following 
is a description of the nebulae, measures being referred to the 
nucleus of N.G.C. 51. 

Gp 250 €@ 15'5 ME 12’'X6"", p 161°. 
b= ° 234 10.5 MB 20X10", p 65°, almost stellar Nu.; Barnard No. r. 


Cree 8.7 MB Spiral, 45X15”, p 168°, gbM, vs almost stellar 
Nu.; Barnard No. 2. 


Omer 257, 5.7 MB Spiral, 45’"X30”, p 11°, N.G.C. 48, Barnard No. 3. 
€; 202 7.3 MF 9” diameter with almost stellar Nu., Barnard No. 4. 
fy 308 2577 F 10” diameter gbM. 

50250 2.1 MF _  12”Xo’, p 161°, gbM, B almost stellar Nu., N.G.C. 


49, Barnard No. 5. 

h, o MB 30X18”, p 59°, B, almost stellar Nu. on sp edge 
of central B patch 10” diameter, N.G.C. 51, 
Barnard No. 6. 
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t, ° 8.0 F Patch 10” diameter. 
4) 13 6.4 MF Patch 10” gbM. 
k, 18 10.7 MF Spindle 30’X6”, p 19°, gbM. 


N.G.C. 955,* Cetus 
a=2h26™29%, 5=—1°27/8 (1920); A=138°, B=—54° 
Plate No. 319, 1917, December 17, 30; 18, 65™. Total g5™. Images large 


A so-called variable nebula, but thought by Dreyer to be 
unchanging. This plate was made for comparison with No. 229. 
It is stronger than the 1913 plate; the general dimensions are 
increased to 113’’ X10”, but there is no change of relative intensity 
in the different parts of the nebula. Many small nebulae are 
shown on both plates; 15 of the more important ones are as follows, 
the measures referring to the nucleus of N.G.C. 955: 

a, p 249°,d 1673 Nebulous spot. 

6b, 346 15.1 F, uniform, 8” diameter. 

CG, 214 4.9 F, spindle, 204”, p 32°, BM. 

CTY | 8.2 F, sliver, 10’’X 2", p 15°. 

é, 35 6.9 MF, spindle, 123’, p 115°, gbM. 

) PRD) 13.6 MF, spindle, 20’ 6”, p 44”, gbM, Nu. 

g, 156 16.0 MF, spindle, 5’’ diameter, gbM, Nu. 

h, 59 7.9 F, sliver, uniform, 15’’X3”, p 30°. 

4, 88 8.5 MF, uniform 12” diameter, with Nu. 2’ diameter elon- 
gated 143°. 


j, 146 14.3 F, uniform, 6” diameter. 

Rea rAG 20.0 MF, 8” diameter, gbM. 

4, 84 16.5 MF, spindle, 104", p 63°, gbM, Nu. 

m, 61 20.5 MB, spindle, 13’"X6”, p 40°, gbM, Nu. (edge of plate). 
n, 94 17.8 F, 8” diameter gbM (edge of plate). 

0, 98 19.2 MF, 10” diameter gbM (edge of plate). 


N.G.C. 1186,* Perseus 
a=3%o™16*, d6=+42°30/9 (1920); A=115°, B=—13° 
Plate No. 310, 1917, November 16, 220". S 27. 
Images large. Illustrated Plate XIIId 
This photograph was made for comparison with No. 245, taken 
in 1914. This supposedly variable nebula has undergone no rela- 
tive change since 1914. The longer exposure brings out, however, 
the spiral structure more clearly and shows the nebulosity extend- 
ing to 2‘5Xo.8. The arrangement of the arm is not regular. 
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Many small nebulae are on the plate, among them the following. 
The measures refer to the nucleus of N.G.C. 1186, and not to 
the star. 


a, pP 233°,d 1878 MF, o9’%diameter, nebulous spot, fades at edges. 


6b, 326 19.9 MF, 8’' diameter, nebulous spot, fades at edges. 
€, 220 13.7. MF, 10” diameter, nebulous spot, gbM. 

d, 229 12.2 MF, 6” diamcter, nebulous spot, gbM. 

se 1982 Thiet F, 7X2", p 135°, nebulous patch. 

i, 262 8.0 MF, 7X2", p 50°, nebulous spot. 

£52 S33 15.8 MF, 5” diameter, nebulous spot, gbM. 

hk, 346 12.5 F, 4’ diameter, nebulous spot, gbM. 

#, 340 Tas F, 4’ diameter, nebulous spot, gbM. 

jx 90 10.6 MF, 5’ diameter, nebulous spot, gbM. 

| Re to, nS F, 5’ diameter, nebulous spot, gbM. 

bo sc 11.2 MF, 11” diameter, nebulous spot, gbM. 
Mt 357 9.5 MF, 3” diameter, nebulous spot, gbM. 

ee kes 5.3 MB, 35’’X6”, p 65°, spindle, stellar Nu. 
0, 87 1.8 F, 10 X2", p 23°, thread. 

?,; 55 2.5 MF, 10’ X8”, p 9°, nebulous spot, gbM. 
@, I41 7.6 MB, 8” diameter, almost a nebulous star. 
f, 73 750 F, 5’ diameter, nebulous spot, gbM. 

S; fete) 13.6 B, 9’ diameter, nebulous star. 

f; 55 17.4 MB, 7” diameter, nebulous spot. 


N.G.C. 1491, Perseus 
a=3%57™218  §=+51°s/6 (1920); A=118°, B=—1° 
Plate No. 308, 1917, October 20, 45". Cramer Crown. 
Images small and round 
Plate No. 355, 1919, December 22, 160". S 23. Images 
small and round. Illustrated Plate XIIIc 
A tuft of wispy nebulosity, roughly triangular in shape, about 
3’ on aside. The effect is produced by three principal V-shaped 
streamers or filaments, included angle 80°-g0°, pointing p 225°. 
They are displaced with respect to one another and thus cross. A 
star of magnitude 1o-11 lies in the fainter nebulosity filling the V. 


N.G.C. 1555, Taurus 
a=4'17™178, 5=+19°20/1 (1920); A=144°, B=—20° 
Plate No. 312, 1917, November 17, 195™. S 27. Images small and elongated 
Plate No. 322, 1918, February 11, 110"; 12, 100"; 13, 110™. Total 320™. S 27. 
Images medium and round 
Plate No. 326, 1919, March 1, 90™. S30. Images small and round 
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For previous descriptions and chart see Mount Wilson Con- 
tribution, No. 127; Astrophysical Journal, 45, 89, 1917. All three 
plates show nebulosity A remaining about the same, nebulosity 
C extending farther to the W and N. Traces of G show as before, 
while dark regions not sketched show S and E of K and H. 


N.G.C. 1690, 1700, Eridanus 
N.G.C. 1699, a=4553™3°, 6=—4°52°8 


N.GiC@yi1700; Wa =45 3; On = Anson } (1920); A=172°, B= —26" 
Plate No. 314, 1917, November 18, 120". S 27. Large images, fairly round 
Plate No. 3 (Hoge), 1919, December 24, 110". S 30. Small round images 

N.G.C. 1700 has a very bright center fading away in several 
gradual steps and forming an ellipse 50’ X30”, p 92°. The entire 
mass is soft, having no detail or structure other than the changes 
in intensity between center and edge. A 23-hour exposure made 
with the focal-plane spectrograph on the 60-inch reflector gave 
a spectrum of sufficient strength to show that the type is Go or 
later, and that the nebula has large positive radial velocity. 

There are two other nebulae on the plate whose positions are 
given with respect to the nucleus of N.G.C. 1700. 


a, N.G.C. 1699, p 6°, d 616, MB, 30”X17”, » 161°. Almost uniform left-handed 
spiral, vs B Nu. Position given in N.G.C. is incorrect. 
b, 129, 13.6 MF, 15X10”, p 9° IbM, vs B Nu. 


N.G.C. 2024, Auriga 


a= 5'37™408, 5=-+51°5/6 (1920); A=174°, B=—r15° 
Plate No. 316, 1917, November 19, 30™. Cramer Crown. 
Images large and round 


Comparison of this plate with Keeler’s photograph, taken June 
28, 1902, shows no apparent change in the nebula (Lick Obdsero- 
atory Publications, 8, Plate 13). 


N.G.C. 2146, Camelopard 
a= 65™53°, b=+78°23' (1920); A=102°, B=+25° 
Plate No. 358, 1919, December 23, 258". S 23. Images medium 
and a little elongated. Illustrated Plate XIIIf 
A most remarkable nebula, best described in parts, although 
actually all blended together. (1) An irregular mass of nebu- 
losity 3'5X1’, p 150° greatly differing in intensity, with dark 
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markings in the direction of its elongation. The nucleus lies a 
little S of the center of this mass; the nebulosity is brightest 
around the nucleus. Superimposed on this bright mass is a dark 
marking in the form of a hand, with four talon-like fingers stretch- 
ing Sp and with three stars standing out upon it. (2) A lobe in 
the form of an elongated ellipse 3/3X1’, p 125°, with greatest 
density along the periphery. This extends about 1/4 beyond the 
S end of (x) and its axis produced would intersect (1) at its N 
end. ‘The interior is filled with soft nebulosity, has a line of bright 
knots toward its N end, and some tufts projecting over its f side. 
(3) A spiral arm leaving the Np point of (1) and sweeping to the 
S in such a way as to give the effect of a left-handed spiral. It 
ends p 200°, d 2’, with respect to the nucleus. 

One might describe the system as a spiral with abnormal 
center, attached to a single arm or to double arms in the latter 
case, the lobe forming one of the arms. In the former case a 
single arm emerges from the S corner of (1), sweeping around the 
f side and under the N end of (1), and emerging on the p side 
as (3). In either case the major axis of the arm or arms would 
be 5/2 long and lie in p 120°. At the extremities there is the 
effect of a turn in the arm, but there is no increase in density 
where the single arm and element (1) are superimposed. 

A medium-bright right-handed spiral, 8’ 2’, p 30° lies p 54°, 
d 19’ with respect to nucleus of N.G.C. 2146. The plate shows 
many small nebulae. 


N.G.C. 2245, Monoceros 
a=6"28™178, 6=+10°13/2 (1920); A=169°, B=+2° 
Plate No. 323, 1918, February 14, 60". S 27. Poor seeing. 
Large round images 
Plate No. 329, 1919, March 28,95". S 30. Excellent seeing. 
Small round images. Illustrated Plate XIVa 

A fan-shaped nebula fading away irregularly from an almost 
stellar point toward the circumference, beyond which extends, 
torch fashion, nebulosity similar to that of the Orion nebula. A 
few seconds from its apex and almost at right angles to its axis 
is a line of nebulosity 30’-40” long. Alongside this line, away 
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from the nebula, is a fan-shaped dark area, appearing to be a 
shadow cast by an opaque portion of the line, the light source 
being the fan itself. Evidently the whole region is nebulous, as 
detail can be seen in the shadow, particularly a looped thread 
formation. The two photographs appear to show a striking dif- 
ference about the head, but this may be due to the differences 
in the plates. The 1918 plate shows a round stellar nucleus stand- 
ing out from the nebulosity, while the 1919 plate shows an almost 
solid mass completely covering the nucleus. Further observations 
will be made. 


N.G.C. 2247, Monoceros 
a=6'28™45°, §6=-+10°22/8 (1920); A=169°, B=+2° 
Plate No. 323, 1918, February 14,60™. S27. Poor seeing. 
Large round images 
Plate No. 329, 1919, March 28,95". S30. Excellent see- 
ing. Small round images. Illustrated Plate XIVa 

This nebula lies 9'9 N of and 5‘7 f N.G.C. 2245 involving 
centrally the star B.D.+10° 1172. It surrounds the star irregu- 
larly, streamers radiating 2’ to 3’ from the center. In addition 
to the streamers there is a small patch 1’ N and a line about 1’ S. 
Both N.G.C. 2245 and N.G.C. 2247 lie in a dark lane. While 
Hubble’s variable N.G.C. 2261 is related to a variable star, neither 
of these stars has been mentioned as variable. 

The position given in the N.G.C. isnot correct. Swift’s original 
description is so exactly like that surrounding B.D.+10° 1172 that 
there is no question of this being the object. The position given 
is that of the B.D. star. 


N.G.C. 2274, 2275, Gemini 
N.G.C. 2274, a=6542™28, §6=+33°39/0 2 
N.G.C. 2275, a=6 42 3, 6=+33 sass C020) tata no 0 Os tS 
Plate No. 313, 1917, November 17, 20™. Cramer Crown. Poor seeing. 
Images medium and elongated 
Plate No. 100-137, 1919, December 19, 30". S 23. Images small and 
comate 
N.G.C. 2274. Nebulosity 7’ diameter, gradually brighter 
toward the middle, with bright almost stellar nucleus. There is 
trace of a wing Np. 
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N.G.C. 2275. Nebulosity 10” diameter, gradually brighter 
toward the middle, with bright stellar nucleus. There are traces 
of faint surrounding nebulosity 30” in diameter. 


N.G.C. 2288, 2289, 2290, 2291, and 2294, Gemini 


N.G.C. 2288, a=6545™28*, 6=+33°20/1 
N.C.C. 2289, a=6 45 29, 5=+33 30.0 
N.G.C. 2290, a=6 45 33, O=+33 27.77 (1920); A=149°, B=+15° 
N.G.C. 2291, a=6 45 35, 5=+33 33.0 
N.G.C. 2294, a=645 47, 5=+33 33.2 


Plate No. 313, 1917, November 16, go™. Cramer Crown. Good plate. 
Small images 
Plate No. 315, 1917, November 18, 70; 19, 140™. Total 210™. S27. Poor 
seeing. Large images. Illustrated Plate XIIIa 


This group is mentioned by Lord Rosse in his Observations and 
is shown by the photographs to be composed of spirals with a 
background of ill-defined nebulae of similar character. 

The following is a brief description of all the nebulae on the 
plates. The positions are referred to the nucleus of N.G.C. 2290. 


N.G.C. 2288, p 325°, d 1/8, MB nebulosity, 7’’ diameter. B Nu. almost 
stellar. 

N.G.C. 2289, p 343, d 2/6, 15’’X10”, p 100°. gbM, B almost stellar Nu. 

N.G.C. 2290, MF ring 5” to 15’’ wide, broken in places, outside diameter 
1/10X0/s4 and mean diameter 0/9Xo/'45. B stellar Nu. 
in MB nebulosity 10’ diameter connecting with outer ring. 
Almost certainly a left-handed spiral. 

N.G.C. 2291, 23°, d 5/3, B almost stellar Nu. in F, R, nebulosity 35” diameter 
showing traces of rings, almost certainly spiral. 

N.G.C. 2294, p 28°, d 6/2, B almost uniform spindle 27” X9”", p 7/5. Sur- 
rounded by faint nebulosity 40’ 10” and having a vs B diffuse 
elongated Nu. 

a, p 263°,d 16/2 F Patch, 8” diameter. 

Oy 255 II.9 F 3” diameter, gbM, Nu. 

Co 220 11.7. MB _ 10” diameter, gbM, Nu. 

d, 349 Il.o Semicircular, 10” radius, MB on curve, fades back 

of Nu. From vertex to central Nu. is a bright 
line 2’’ wide, p 137°. 


é, 96 5.2 F Sliver, 10” 5", p 130°. 
ie 95 5-4 F Spot, 3’’ diameter. 
£, 108 6.0 F Diffuse spot, 8’’ diameter. 
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Est ZO 8.7 F 205", p 116’’, MB Nu. near f end. 


4, 146 12.9 MB Nebulous star. 
4; 96 hs F 15’’X10”, p 85° elongated diffuse spot. 


Oe ay 9.4 15"X8", p 32° gbM Nu., looks §-shaped. 
if. 67 TAG F Diffuse patch, 15’’ diameter. 
N.G.C. 2359, Canis Major 

a=7'13™50%, 5=—13° 4/1 (1920); A=197°, B=o° 


Plate No. 320, 1917, December 17, 60"; 18, 150™. Total 210™. S 23. 
Images large and round. [Illustrated Plate XIVb 


The brighter parts of the nebula agree closely with the draw- 
ings by the earlier observers. Sir John Herschel pictured it as 
resembling a bust, while Lassell drew it as like a balloon, with a 
long neck twisted in the Sp direction. The balloon or head is 
approximately 5’ in diameter; the neck is to the S, with nebulosity 
about 1’ wide extending 8’ », concave on the N and gradually 
narrowing and fading out. From the top (N) of the head a sym- 
metrical streamer concave to S extends in p direction. The radius 
of curvature of the two streamers is roughly 15’ and their ends 
are about 8’ apart. A second streamer about 1’ wide extends f 
from the top of the head to a distance of 9’. 


N.G.C. 2403,* Camelopard 
a=7'29™7", d=+65°46'5, (1920); A=118°, B=+30° 


Plate No. 307, 1917, October 19, 100". Cramer Crown. 
Images small and round 


The illustration of N.G.C. 2403 (Mount Wilson Contribution, 
No. 132, Plate Xc; Astrophysical Journal, 46, 35, 1917, Plate V) 
was made from Plate No. 307, and not from No. 169 as there stated. 

The nebulous spot p 50°, d 3/4, with respect to the center of 
the nebula is probably a flaw, as there is a difference in character 
between it and the rest of the nebulosity on the plate. 


N.G.C. 2537, Lynx 
a=87™35°%, 6=+46°r4’ (1920); A=141°, B=+33° 
Plate No. 2968 (Shapley), 1916, March 27, 30". S 27 


Plate No. 359, 1919, December 23,60". S30. Images 
small and elongated 


Nebulosity of the form of a horseshoe or a semi-elliptical line, 
major axis N-S, concave to the S, together with a line of 
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nebulosity 30” long lying in the center of the ellipse on the major 
axis. Two faint lines of nebulosity extend from the N end of 
this line to the outer nebulosity, the included angle being about 
150°. The axes of the complete ellipse would measure 75/’X45’’. 
The nebulosity is of the mixed type, there being a number of 
well-defined knots in it. 

I.C.IT 2233 falls near the edge of the plates and appears to be 
a faint edge-on spiral 4’X10’’, p 170°, with faint stellar nucleus. 
A faint patch 20” diameter lies 4/6 f N.G.C. 2357. 


N.G.C. 2964, Leo Minor 
a=o38™118, 6=+32°r2.8 (1920); A=162°, B=+50° 
Piate No. 321, 1917, December 18, 60™. Cramer Crown. Images small 


and round 
Plate No. 324, 1919, February 28, 210". S30. Images small and round 


A right-handed spiral, with bright inner arms extending to 
75"’X45", p 90°, and exterior arms to 2'5X1/2. The inner arms 
are dotted with bright condensations, the outer are faint and soft. 
Several peculiar details suggest a drift of the component parts 
relative to each other; among these may be noted the winged 
knots on the p side, the disjunction of the nucleus and the f arm, 
and a left-handed wisp crossing the p arm N of the nucleus. 


N.G.C. 2968, Leo Minor 


a=9'38™288, 6=+32°17/7 (1920); A=162°, B=+50° 
Plate No. 321, 1917, December 18, 60™. Cramer Crown. Images small 
and round 
Plate No. 324, 1919, February 28, 210". S30. Images small and round 


Probably an edge-on spiral, since it shows an irregular ellipse 
of nebulosity 1/27’, p 31°, gradually increasing in brightness 
toward the central nucleus 2’’ diameter, and has an absorption 
streak running irregularly along the major axis. 

The plate shows many small nebulae; measures were made of 
15 with the nucleus of N.G.C. 2968 as a center. 

a, p 305°, d13/4 MB, uniform ellipse, 7X3”, p 142°. 
Doe 247 11.3. MB, uniform ellipse, 8’ 4”, p 140°, sbM. 
Cre 2 82 10.0 MF, uniform, 3” diameter. 
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MF, nebulous star, 4’ diameter. 
F, uniform, lbM, 10’X3”, p 23°. 
MF, gbM, Nu, 10’X3”, p 29°. 


» 196 9.2 F, spindle, 206”, p 129°, F Nu. 
6.08320 2.7 MF, uniform patch, 9X4”, p 48°. 
FERRE eS 3 0.8 MB, 10”X2", 179°, gbM. 

g, 4 14.1 MB, 10” diameter, gbM. 
h, 166 6.5 MB, 10” diameter, f side stronger. 
i, 168 13.6 MB, gbM, 11’X8”, p 60°. 
Fe SA ESE | F, uniform, 12’X3’, p 132°. 
k, 61 4.9 MB, sbM, 12”X6”, p 75°. 
7, 19 13.0 MF, spindle, gbM, 104”, p 23°. 
7 
0 
9 


. N.G.C. 2970, Leo Minor 


a=0938™48*, §=+32°20/7 (1920); A=162°, B=+50° 
Plate No. 321, 1917, December 18, 60". Cramer Crown. Images 
small and elongated 
Plate No. 324, 1919, February 28, 210". S30. Images small and 
round 


Bright nebulosity gradually fading away, 15’ X10”, p 80°, 
with a bright stellar nucleus about 5”’ diameter centrally located. 


N.G.C. 3310, Ursa Major 


a=10833™48", d=+53°55:1 (1920); A=124°, B=+55° 
Plate No. 356, 1919, December 22, 12™ and go™. Exp.on same 
plate. S30. Images small and round 


A left-handed spiral, 90’’50’’, » 170°. The short exposure 
shows a bright nucleus surrounded by a bright elliptical ring, 
22"’X15'’, p 140°, from which springs an arm of much smaller 
density in p 130°, bending to the north and running for a length 
of about 25”. A faint star with faint surrounding nebulosity lies 
just adjoining the ring at p 230°, d 14”, from the center. The 
long exposure shows a mass 30” X25", p 130°, with the arm emer- 
ging as above and ending at p 20°, d 25’. The nucleus, ring, and 
two stars show plainly. There are traces of other arms lying 
around the bright mass, particularly one emerging opposite the 
strong arm running southward and ending at p 165°, d 30”. The 
ring is strongest in its N and S sections. 
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N.G.C. 3367, Leo Major 
a=roh42mar®, d=+14°10!2 (1920); A=200°, B=+59° 
Plate No. 289, 1917, April 22, 70™. S 23. Images small and 
y comate 


Plate No. 327, 1919, March 1, 150™. S30. Small round images. 
Illustrated Plate XIIIe 


A left-handed spiral about 1/8 diameter, almost circular, with 
a bright sharp stellar nucleus. The periphery is well defined on 
the p side but lacking on the f. It is similar in type to N.G.C. 
5921" in that an almost straight bar crosses the center p 70°, from 
the ends of which emerge arms almost at right angles to the bar, 
a single arm at one end, a double one at the other. The bar is 
slightly concave on the N side and its f end continues in a series of 
condensations across the arm to the periphery. The arm emerges 
from the bar 14” from the nucleus and turns to the N. The 
p end of the bar spreads into soft nebulosity and just touches the 
arm from the f end; the arm on the end leaves at about 16” 
from the nucleus, turns to the south, and at about 10” spreads 
into two parallel arms with nebulosity between them, which run 
parallel for about go°; the outer one then fades away into the 
rim, while the inner one continues and is merged in the / rim. 
There are a number of branching and crossing threads, and a 
bright knot # 267°, d 47”, from the nucleus lying in the periphery. 
The greatest extent of the nebulosity is 60’, p 40°. The double 
arm brightens at a point just f the nucleus. The plate shows a 
number of nebulous spots, the more prominent of which are as 
follows, the measures referring to the nucleus of 3367. 


a, p 269°, d 14/4 5’’ diameter, uniform. 
: 193 11.0 3” diameter, gbM, B, stellar Nu. 

Cs 151 4.9 3’ diameter, stellar Nu. 

a 149 13.0 11'X5", p 126°, gbM. 

é, 150 15.0, -10'°X4"", p 145, IbM. 

if 25 18.1 5’’ diameter, gbM. 

g, 34 14.3 5’ diameter, IbM. 

h, 45 17.7 4’’ diameter, lbM. 

4; 57 15.3 5’ diameter, gbM. 


N.G:C: 3377, 49 21.8 
t Publications of the Astronomical Society of the Pacific, 24, 227, 1912. 
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NGG: Grsai7r Should lie about one-third the distance from 
3367 to 3377, but there is nothing on the plate. 
N.G.C. 3373 Should lie in the region f 3367 and a little S, 


but there is nothing on the plate. 


N.G.C. 3377, Leo Major 
a=10'43™28°, 6=14°24'4 (1920); A=201°, B=+60° 
Plate No. 289, 1917, April 22, 70". S23. Smallastigmatic images 
Plate 327, 1919, March 1, 150. S30. Small comate images 
A diffuse ellipse 90”’ X30”, p 40°, gradually increasing in bright- 
ness toward the center, where there is a great increase in bright- 
ness in an elongated nucleus 20’ X13”’.. A number of faint nebulae 
not listed under N.G.C. 3367 appear in the field. The measures 
refer to the nucleus of N.G.C. 3377. 


a, p31s°,d 9/1 Very faint, 1’ diameter. 

b, 60 8.2 MF, uniform, 10’ diameter. 

G 110 12.9 MF, uniform, 124”, p 129°. 
d 64 19.4 MF, lbM, 8” diameter. 


N.G.C. 3391 52 22.9 (10% 44™ 458, +14° 38/6) (1920); appears on the 
corner of plate 289. The image is bright, 
20X11’, p 26°, and suggestive of spiral for- 
mation, but the image is too comate to say for 
certain. 


N.G.C. 3379, Leo Major 

a=1043™37%, d=+13°0!2 (1920); A=203°, B=+59° 
Plate No. 290, 1917, April 23, 75". S 23. Small, slightly elongated image 
Plate No. 334, 1919, March 30,120. S 23. Small, slightly elongated image 

Illustrated Plate XVa 

A nebula which long since attracted attention, owing to its 
resemblance to an unresolved star cluster. It has a very bright 
nucleus 10’—r12’’ diameter, surrounded by a bright atmosphere, 
30” diameter, which gradually fades away at 90” diameter. The 
nebula differs from many others, such as N.G.C. 4374 (M 84) and 
N.G.C. 4402, in having a planet-like nucleus, whereas usually the 
nebulosity gradually increases toward the center, with a possible 
sudden increase in brightness to form a semi-diffuse nucleus. A 
spectrogram* made with the focal-plane spectrograph at the 

* Publications of the Astronomical Society of the Pacific, 30, 255, 1918. 
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Newtonian focus of the 60-inch reflector shows the nucleus to be 
Gs or later, and to have a radial velocity of about +850 km/sec. 
Slipher obtained a value of. 780 km/sec. Faint traces of the 
outer nebulosity show a,maximum of continuous spectrum cor- 
responding to the nucleus. 


N.G.C. 3384, Leo Major 
a=r044™4*, S=+13°3/1 (1920); A=203°, B=+59° 
Plate 290, t917, April 23, 75™. S23. Small, slightly comate images 
Plate 334, 1919, March 30, 120". S23. Small, slightly comate images 
Illustrated plate XVa 

An astonishing nebula consisting of a bright center 40” diam- 
eter, on which is superimposed a very bright elongated nucleus 
19’ X10", p 45°, crossed by a second bright nucleus 40” x5”, 
p 130°, presenting a Saturn-like appearance. Finally, from this 
mass wings or branches extend in p 53° on either side, to a dis- 
tance of 1'5 The wings gradually broaden to a width of 1’ at 1’ 
from the center, where they are rounded off. 

The three nebulae, N.G.C. 3379, 3384, 3389, appearing on the 
same plate present very different features. N.G.C. 3389 is a well- 
defined spiral, N.G.C. 3384 presents spiral and planetary charac- 
teristics, while N.G.C. 3379 leads one to believe it a very distant, 
unresolved cluster or group of spirals. 


N.G.C. 3389, Leo Major 
a=t1084g4™148, §6=+12°57/0 (1920);  A=204, B=+60° 
Plate No. 290, 1917, April 23, 75™. S23. Small slightly comate images 
Plate No. 334, 1919, March 30, 120%. S 23. Small slightly elongated 
images. Illustrated Plate XVa 
A medium-bright right-handed spiral 110” X52”, p 107°, having 
a very small stellar nucleus. The arms are fairly dense, with 
condensations along them, but are not strictly regular in form. 


N.G.C. 3395-3396, Leo Minor 
N.G.C. 3395, a= 10%45™23°, eal NOT ee aye 
N.G.C. 3396, a=1045 28, 6=+33 24.9 (1920); 160°, B=+64 
Plate No. 286, 1917, March 26, 120%. S 23. Small round images 


Illustrated Plate XVIa 
Plate No. 332, 1919, March 29, 110. S 30. Small round images 
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N.G.C. 3395 is a right-handed spiral with its major axis in 
p 32°. Its Sp portion is well defined and extends about 52” along 
the major axis from the nucleus. The Nf portion is markedly 
deficient in size and in density of material. N.G.C. 3396 lies p 66°, 
d 73'’ Nf with respect to the nucleus of 3395. It is composed of 
a bright elongated nucleus 105", p 97°, with which is blended 
a knot about 3’” diameter 9” f and a short line diagonally opposite. 
Surrounding this is a mass whose general axis is in p 94° and 
which extends 42” f the nucleus. Between the two nebulae is 
evidence of a great disturbance, since material which would ordi- 
narily belong to the Nf arm of 3395 is absent, while stream lines 
indicate its presence about 3396. It remains to be ascertained 
whether the formation is the result of two separate centers or 
whether 3395 has separated from 3396, or, finally, whether 3396 
has wrenched material away from 3395. ‘The stream line of 3395 
suggests a right-hand twist. There is more than enough material 
in 3396 to make up for that lost in the arm of 3395; in fact, it 
is just about equal to the complete arm of 3395. 

There are many small nebulae on the plates, the more promi- 
nent of which are the following, the measures referring to the 
nucleus of N.G.C. 3395: 


LC.II 2603 Not on plates. 

a, p 278°,d 15!9 10"X4", p 56°, bM. 

Big. 270 Not on plates. 

b, 280 tr.t MF, 5” diameter, bM. 

cs 210 15.2 MF, 10”X5", p 99°, IbM. 

LC.II 2604 203 13.8 MB, Irr. R, 50” diameter, RH spiral. 
d, 339 1zr.9 MF, 6” diameter, lbM. 

Ge 330 .3. MF, 6” diameter, IbM. 

i 342 5.4 MB, 2” diameter, stellar. 

Se i } Part of arm of N.G.C. 3395. 

I.C.1L 2608 157 14.1 MB, 45”X6”, p 118°, B Nu., spindle. 
g, 40 13.0 MB, 10” diameter, lbM. 

h, 98 9.2 MF, 3” diameter, IbM. 

4, 46 17.4 MF, 4” diameter, lbM. 

5, 80 12.7 F, 9X5", p 116°, lbM. 

k, 124 23.2 MB, 60X10”, p 170°, B Nu., spindle. 
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N.G.C. 3786, 3788, Ursa Major 
N.G.C. 3786, a=r11535™20*, 5=+32°21!3 
N.G.C. 3788, a=11 35 32, 6=+32 323 \(ao20); Amis B= tas 
Plate No. 337, tor9, April 29, 30". S23. Images small 
and slightly elongated 
Plate No. 338, 1919, April 29, 135™. S27. Images large 
and fairly round. Illustrated Plate XIIIb 

N.G.C. 3786 is a right-handed spiral with a bright nucleus, 
a fairly bright central part 60’’X30”, p 67°, and a faint inter- 
rupted ring, not strictly elliptical, 2x1’, p 75°, which is probably 
an extended arm. The central part is weaker on the N side, 
which shows an irregular dark marking. The outer ring just 
touches a faint prolongation from the S end of N.G.C. 3788. 

N.G.C. 3788 is a right-handed elliptical spiral 92’ X20”, p 179°, 
very similar to N.G.C. 5545 lying p 18°, d 1'4 Nf N.G.C. 3788. 
The nebulosity on and between the arms is soft, with traces of 
condensation near the center. The brightest spot is a knot p 40°, 
dio”. The center and the N end of the major axis in the curve 
of the arm are bright. 

N.G.C. 3791 and 3793 do not appear on the plates. Plate 
No. 338 is literally covered with small nebulae, some of them 
spindles, and many of them merely rounded masses with rela- 
tively bright, ill-defined centers. Presumably these are related 
to the spiral family. The measures of some of them, referred to 
the nucleus of N.G.C. 3786, are as follows: 

a, p 314°,d 22/4 MF,R, 7”, IbM. 
eee 16.6 Feo" <4", 2135": 
CZs 12.4 Ds hg 1a Loe 


G25 273 11.0 MF,R, 7”, IbM. 

€,) #330 17.4 MF,R, 4”, IbM. 

Thy eel TARAGe VED MK sae Mi. 

2 33t 16.7 Beltre Re ow. 

h, 336 18.5 MB,R, 7”, BM. 

4 331 14.9 F, Irr. R, 6”, IbM. 


ie Be: 11.4 MF,R, 5”, bM. 
k, 238 6.1 MF, Irr. R, 9”, lb near end. 
i, ~ 226 4.8 MF, 20”X4”, p 132°, knots at middle and ends. 


Pe a75 4.7. MB, 8”X3”, p 87°, other F nebulosity f. 
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m, 285 2.9 F, Irr. R, 6”, uniform. 
Oy | Bu 16.0 MF,R, 5”, bM. 
0, »210 1.4 MB, 10’X3”, p 139°, BM. 


p, 181 10.5 MF,R, 6”, lbM. 

q) 6 8.4 MB, R, 6”, bM. 

Ta a kOT $.5. MBER 51pm, 

sy, ae) 11.4 MF,R, 4”, bM. 

1, 70 4.6 MF, 14”X4”, p 3°, bM, spindle. 
u, 44 10.7. MF,R, 4”, IbM. 

Uh amas 8.6 Ey lore Ree abi 

Ww, 34 15.0 MF, 10’X2"”, p 135°, IbM. 


CNS II.4 F, InR, 6”, IbM. 
y, 60 12.4 EAR 
grr ( Tee3" MEY irr. R07 uniform: 


N.G.C. 4395, 4399, 4400, 4401, Canes Venatici 


N.G.C. 4395, a=12221™51*, 6=+33°59'4 
N.G.C. 4399, a=12 22 = 6=+34 oF 
N.G.C. 4400, a=12 22 + 6=+34 o+ 
N.G.C. 4401, a=12 22 1 6=+33 57.5 


(1920); A=121°, B=+82° 


Plate No. 330, 1919, March 28, 270™. S 23. Images small and elongated 

Plate No. 331, 1919, March 28, 20™. S30. Images small and round 

Plate No. 333, 1919, March 20, 30, 450". S30. Images small and slightly 
elongated. Illustrated Plate X Vb 


These four nebulae, together with a large amount of fainter 
nebulosity, form a remarkable spiral. The configuration is approx- 
imately circular in outline, with indications of a three-armed spiral 
or pinwheel and a two-armed spiral with one detached arm (similar 
to N.G.C. 3395-3396), all of which are blended and not simply 
superimposed. The brightest nebulosity is not at the center of 
either, but lies in the Sf portion of the whole. Aside from these pre- 
dominating features, large faint whorls are also seen which indicate 
that the nebula is roughly spherical in form. N.G.C. 4395 is the 
two-armed portion, N.G.C. 4399 the Sf arm of the pinwheel, and 
N.G.C. 4401 the brightest knot of the whole. The nebula as a 
whole is roughly 12’X10’, elongated in p 128°, with N.G.C. 4395 
as center; beyond this, and, in fact, scattered over the plate, are 
many small nebulous stars or spots similar to those within the 
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nebula. The plates are not strong enough to show definitely the 
relation of the component parts, and further descriptions will be 
reserved for a longer exposure. 


4 


N.G.C. 4656-4657, Canes Venatici 


N.G.C. 4656, a=12540™ 5%, 6=+32°36/2 A A 

N.G.C. 4657, a=12 40 14, 6=+32 362 \ (920); A= 90 VP metes6 

Plate No. 336, 1919, April 28, 20™. S27. Images comate 

Plate No. 339, 1919, April 29, 140. S27. Images medium and elongated 

Plate No. 100-145, 1920, February 16, 240". S30. Images small and round. 
Illustrated Plate XVIb 


The objects listed as N.G.C. 4656 and 4657 constitute a most 
interesting single right-handed spiral. It appears as though a 
section were scaling off from a streamer of nebulosity which extends 
across the plate for a distance of 20’. The nebulosity strongly 
resembles that of N.G.C. 4449. There is no well-defined center 
or nucleus, but the inner end of the stronger arm is relatively 
bright, and this is taken as the center in the discussion. The 
strong Nf arm consists of well-defined soft nebulosity dotted with 
about 50 condensations and having much fainter material lying 
on its concave side. The position angle at the center is about 
26°, but the direction changes rapidly, the arm becomes concave 
on the f side and turns south at p 50°,.d 3/6 from the center, 
and after a return of 25’’ stops. The width is from 20” to 30”. 
The Sf arm is not so well defined and the material is distributed 
in several bands. It consists of a p member emerging from the 
center in p 220° to a distance of 3‘4, which then branches, one 
branch continuing straight on, the other curving slightly concave 
N for a distance of 5’. The second member starts in p 185°, 
runs straight for 2’, then gradually curves for about 5’, ending in 
p 223°. There are traces of other lines of material extending to 
a distance of 8’. 

In addition to a number of very small nebulae on the plate 
there is a well-defined two-armed right-handed spiral p 260°, d 3'4 
with respect to the center of 4656-7; it is 30’’X20”, p 10°. 
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N.G.C. 5257, 5258, Virgo 
N.G.C. 5257, a=13535™49°, oleae , ON agape EL apes 
N.G.C. 5258, a=13 35 53, O=+1 14.3 (1920) 298", B=+6r 
Plate No. 345, 1919, June 27, so™. S 30. Images small and 
elongated. Illustrated Plate XVIIb 


N.G.C. 5257 is a left-handed spiral with two principal arms, 
each making a complete revolution before fading out. It forms 
an irregular ellipse 80’’X40’’, p 120° (no trail). For a length of 
20’, beginning a half-turn from the center, there are several bright 
knots in line in each arm. Beyond this the nebulosity is soft 
and spreads into brushes at the ends. The curvature at the ends 
is very small, and there is indication that the f one extends to 
N.G.C.15258: 

N.G.C. 5258 is a left-handed spiral whose brighter parts lie 
within an ellipse 60’’ X18”, p 30° (no trail), from the extremities 
of which spring the two main opposite arms forming a letter S, 
the arms themselves being opposite arcs of a circle of 30” radius. 
The central nucleus is brighter than that of N.G.C. 5257, and 
two knots as bright as the nucleus lie one to the N end and one 
to the S. The arms are soft and brushy, as in N.G.C. 5257. 


N.G.C. 5278-5279, Ursa Major 

N.G.C. 5278, a=13538™40°, 6=+56°4! a 

N.G.C. mek a : re 5a toe 1 3 h1920)5 sv EN tee ey) 

Plate No. 341, 1919, May 28, 30™. S30. Fair images 

Plate No. 342, 1919, June 25, 160". S30. Fairimages. Illustrated 

Plate X VIIa 

These separately listed objects are parts of the same nebula, 
consisting of a stellar center and a ribbon of nebulosity which 
encircles the nucleus for a little more than one turn, then abruptly 
decreases in intensity and widens out, and continuing in a curve, 
concave to the S, ends abruptly in a bright twist or hook, at about 
p 70°, d 40". The first coil is roughly 30X20", p 60°, and the 
whole lies within an ellipse 65’’x30”, p 60°. The curl on the 
end forms a semicircle of about 7” radius and points p 320°. 
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This nebula appears on the same plates as the group of objects 
listed by Barnard under I.C. 917 to 928; the illustration is from 
Plate No. 342 where it appears near the edge. 


N.G.C. 5544,* 5545,* 5557, Bodtes 

N.G.C. 5544, a=14513™40°, 6=+36°56!5 
N.G.C. 5545, a=14 13 41, 6=+36 56.8 ¢ (1920); A=32°, B=+68° 
N.G.C. 5557, a=14 15 5, 6=+36 51.6 

Plate No. 127, 1912, June 13, 180™. S 23 

Plate No. 260, 1916, April 30, 50™. S 23. Images small and 

round 
Plate No. 261, 1916, May 1, 2, 3, 4, 5,360". S27. Images 
small. Illustrated Plate XVIII 


In Mount Wilson Contribution, No. 132, the orientation of these 
plates is in error 180°, consequently the descriptions of N.G.C. 
5544 and 5545 are interchanged and Plate XIIIc is shown S at 
top and fatright. The positions in N.G.C. are incorrect, as that of 
5545 is given S of 5544, while actually it is to the N. Bigourdan’s 
value (Annales Observatoire de Paris, Observations, 1899) for N.G.C. 
5544 is a=14'12™s50%62, 6=+37°2'7"2 (10900), the relative posi- 
tion of the nebulae p 244°+, d 37’’, but he states that the meas- 
ures are uncertain and difficult. The corrected description is as 
follows: 

N.G.C. 5544 and 5545 are two overlapping spirals, the former 
in plan, the latter very much inclined to the line of sight. 

N.G.C. 5544 consists of a bright stellar nucleus, a nebular ring 
about 5”’ wide and 28” outside diameter, a fainter diametral streak 
crossing the nucleus in p 130° and an outer ring of about the same 
intensity as the inner one, irregularly round, 8’ wide and 45” 
outside diameter; both rings are slightly elongated in p 115°. 
The nebulosity is entirely soft. 

N.G.C. 5545 is a left-handed spiral 70’’ X15’’, p 60°, its p end 
just tangent to the f point of the nucleus of N.G.C. 5544. The 
nucleus is faint and stellar. The arms are about equal in intensity 
where they start from the nucleus, but that on the # side con- 
tinues bright for a much greater distance, being interrupted, 
however, at several points. Several knots and condensations 
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appear. Its extremely small, bright nucleus lies in p 68°, d a0 5 
with respect to nucleus of N.G.C. 5544. 

N.G.C. 5557 appears at the f side of the plates; it is so dis- 
torted that one cannot more than suspect it to be a spiral. Its 
position with respect to N.G.C. 5544 is p 105°, d 17.4 and, allow- 
ing for distortion, seems to be a bright mass 18” X14’’ surrounded 
with fainter nebulosity 40’’ diameter. 

The plates are covered with a multitude of faint nebulae, a 
number of which are as follows, their positions being given with 
respect to the nucleus of N.G.C. 5544: 


a, p 235°, d20/7 MB, Irr. R, 12” diameter BM (edge of plate). 
bi 3316 2i53 F, nebulous spot, 5’” diameter (edge of plate). 


Bs 


C5) 4926 9.8 F, uniform sliver, 20’’X 2’, p 24°. 

d, 205 7.5 MB, elongated Nu., 4X2”, p 4°, in MF nebulosity, 11” 
diameter. 

Oy Dey 3.8 F, 5’ diameter, gbM. 

i ) BEC 6.6 Faint, MF at center, 10°X3”, p 42°. 

Fe, S076) 4.8 Bright Nu., 2” to 3’ diameter, surrounded by F 
nebulosity, 13’’ diameter, p 79. 

eel 7S TOn MF center, 10’’X 2”’, p 145°, in F nebulosity 15" 5”. 

4, a3 Dos Two F slivers each 11” long lying p 37° and 52° 


intersecting to form a V on Sp end. 


2 BO 18.5 F, 8’ diameter, gbM. 

k, 97 13.0 Fyi0' 2" 0230. 

Ls t24 16.0 F, Wisp, 13X3”, p 76°. 

m, 130 Oe Nebulous spot, 10’’X5’’, p 51° (edge of plate). 


N.G.C. 5868, 5869, Serpens 
N.G.C. 5868, a=1555™448, 6=+0°s0/2 3 
N.G.C. 5869, a=15 5 45, d=+0 5 gh(e920); Se era gE 
Plate No. 328, 1919, March 1, 50™, S 23. Images small and 
almost round 
Plate No. 335, 1919, March 30, 30, S 30. Images small and 
elongated 


N.G.C. 5868 is a medium bright, semi-diffuse stellar nucleus 
2'’-3" diameter with a faint halo 5’’ diameter. 

N.G.C. 5869 is a medium bright, diffuse stellar nucleus 5” x4”, 
P 133°, surrounded with nebulosity gradually fading away at 
TONG. 
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N.G.C. 5865 and N.G.C. 5871, for which positions are given 
in this vicinity, do not appear on the plates. 

There is a very faint diffuse spot roughly 7” diameter, p 116°, 
d 1‘9, with respect to the mucleus of 5868. 


N.G.C. 6014, 6017, Serpens 
N.G.C. 6014, a=15452™ 1°, 6=+6° 0! 
N.G.C. as ieee - 19, meee 2h ag20); A= SAT 1 OT 30. 
Plate No. 325, 1919, February, 28, 307. S 30. Images small 
and slightly elongated 

N.G.C. 6014. Medium bright stellar nucleus lying centrally 
in faint nebulosity 30’ diameter, showing traces of rings. It is 
probably a spiral. There is a faint nebula of the same character, 
15’ diameter, at p 51°, d 11/0, with respect to N.G.C. 6014. 

N.G.C. 6017. A faint elliptical nebula 186”, p 133°, with 
bright nucleus 7x5”. 


N.G.C. 6703,* Lyra 


a=18%45"0°, 6=+45°27'7 (1920); A=42°, B=+18° 
Plate No. 344 (Duncan and Hoge), 1919, June 26, 315™. S 30. 
Images medium and elongated 
This plate was taken for classification, but the results are not 
conclusive and the type must be settled spectroscopically. The 
nucleus is lost in the very strong central part, 30” in diameter. 
The ring, 80” diameter, shows more plainly, and there is nebulosity 
between the ring and the central mass; but it is not clear whether 
the nebula is a planetary or a spiral in plan. Ten small faint 
nebulae, in addition to the six mentioned previously, are shown 
on the plate. 
N.G.C. 6820, Vulpes 
a=19539™3°, d= +22°53/3 (1920); A=27°, B=—I° 
Plate No. 208, 1917, July 23, 90". S23. Images small and nearly round 
The nebula lies in a rich region of the Milky Way. It has a 
stellar nucleus lying eccentrically to the south in a mass of soft, 
irregular, patchy nebulosity, roughly 30’’ in diameter. 
N.G.C. 6823, an open cluster, appears on the Nf corner of 


the plate. 
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N.G.C. 6846, Cygnus 
a=19%53"22%, d=+32°8'4 (1920); A=37°, B=+r° 
Plate No. 295, 1917, July 20, 150". S23. Images small and elongated 
A small group of twelve stars, approximate magnitude 17, in 
a very rich region of the Milky Way, clustered about three stars 
of magnitude 15. 
N.G.C. 6888, Cygnus 
a=20%9™33%, 5=+38°9!1 (1920); A=43°, B=+r° 
Plate No. 209, 1917, August 21, 60". S23. Images small and slightly 
elongated 
Plate No. 301, 1917, August 22,60". S27. Images small and slightly 
be elongated 
Plate No. 348, 1919, July 25, 300™. S 30. Images medium. Illus- 
trated Plate XVIIIc 
A network nebula in the heart of the Milky Way, about 13° 
Np N.G.C. 6960 and 6992, which it resembles in shape and charac- 
ter of nebulosity. It is roughly elliptical, 18’x9’, p 42°. TheN, 
Np, and Sp edges include the bulk of the nebulosity, which gives 
it a crescent form, the bow] of which is filled with faint and scattered 
nebulosity. 
N.G.C. 6906, Sagitta 
a=20°19™368, 5=+6°12'3 (1920); A=18°, B=—18° 
Plate No. 352 (Benioff), 1919, August 27, 120". Images 
small and nearly round 


A right-handed spiral lying at the edge of the Milky Way where 
the star density, for this plate, is five to six stars per square minute 
of arc. The nebula measures 90’ X35”, p 35°, the arms are soft 
and delicate, though increased exposure may show parts to be 
granular. A short line 12’’ long projects equally beyond the 
nucleus in ~ 165° and 345°. 


N.G.C. 6927, 6928, 6930, Delphin 

N.G.C. 6927, a=20528"46*, 6=+0°38/6 

N.G.C. 6928, a=20 28 58, 5=+9 39.2 /(1920); A=22°, B=—18° 
N.G.C. 6930, a=2029 7, b6=+0 34.6 

Plate No. 347 (Duncan and Hoge), 1919, June 27, 60". Images small 

and elongated 

Plate No. 350, 1919, August 21, 140%. S 23. Images small and 

elongated 
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These plates show three N.G.C. nebulae in addition to the 
several small nebulae given below. The foregoing positions have 
been corrected from Bigourdan’s observations. 

The following measures refer to the brightest spot of N.G.C. 
6928. 


a, p 231°,d 4/2 10" X5", p 20°, gbM, BM. 
N.G.C. 6927. 257 3.0 18’X8", p 10°, gbM, BM. 
N.G.C. 6928 100’ X 28”, p 110°, left-handed spiral, two arms 


making about three-fourths of a turn each. 
Brightest in the middle where the two arms 
join with a slight offset, forming a bent line 35’ 
long. 

b, 161 1.6 MF, nebulous spot, 4’’ diameter. 

N.G.C. 6930 ©1146 3.9 30X12”, p o°, left-handed spiral nebula with 
slight traces of outside arms at end of major 
axis. 

C, 139 5.6 Nebulous spot, 3’ diameter. 

d, 126 13.2 20°X6”, » 70°, IbM. 


N.G.C. 7023, Draco 


a=21%0™37*, d=+67°51’ (1920); A=72°, B=+14° 
Plate No. 343, 1919, June 25, 160™. S23. Imagessmall 
and slightly elongated 


Comparison of this plate with No. 12 (1911, July 23, 149", 
S 23) in the stereocomparator gave no indication of change. 


N.G.C. 7048, Cygnus 


a=21hr1™23*, 6=+45°57'4 (1920); A=57°, B=—2° 
Plate No. 296, 1917, July 20,60™. S 23. Images round and 
large 


A planetary resembling the Dumb-bell nebula, about 1’ diame- 
ter, weak axis in p 170°. The central star is very faint. A longer 
exposure is necessary to bring out the detail. 

N.G.C. 7240, 7242, Lacerta 
N.G.C. 7240, a=225r1™535, ees ee eee ee 
N.G.C. 7242, a=2212 10, 6=+36 53.7 (t9a0); “Am59", Bartz 
Plate No. 292, 1917, June 21, 22, 195". S23. Images round and medium 


Plate No. 354, 1919, December 22, 50™. S 23. Images round and small 
Plate No. 357, 1919, December 23, 145". S 23. Images small and elongated 
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A group including twenty in addition to the six nebulae de- 
scribed by Barnard in A.N., 137, 717, 1906. The measures refer 
to the nucleus of N.G.C. 7242. 

N.G.C. 7240 p 0°,d of 18'X5"’, p 108°, gbM, B stellar Nu., Barnard c. 


N.G.C. 7242 73 3.6 12” X6", p 33°, gbM, B stellar Nu., Barnard a. 
a, 217. 8.7 MB, 9”Xt1'5, p 178°, gbM. 

b, I.C.IL sr9or? 287 4.1 Spindle, 45’X6”, p 66°, BNu., Barnard f. 

ce 214 6.0 F, 3” diameter. 

d, 203. 8.2 F,8@x2", pr70. 

é, 217. 3.6 B, 3” diameter, almost stellar, F wings p 58°. 
f, I.C.II 5192? 251 1.8 12’"X6", p 160°, gbM, Barnard d. 

g, 193 6.5  F, 2” diameter, bM. 

h,1.C.1 1441 332 1.4 Spiral, 30X15’, 40°, Barnard e, Bigourdan 233. 
4, SN a7r) 4.67 Fp a ea pp 140. 

up 4. 9.9 HO!" a" 143 

k, 15 4.1 MB, 4” diameter, stellar. 

Ik 175 14.0 MB, 3” diameter. 

m, OS) 2735 Ey 2urdiamerer 

Nn, 157. 6.2 Spindle, 20/6”, p 120°, B stellar Nu. 

0, I4t | G4: t © ESOCX 47 p00 = 

~,L.C.1II1 5195 71 4.0 B, 4” diameter, gbM, almost stellar. 

q, 140 5.7 F, 3’ diameter, Nu. 

r, I.C.1I 5194? 119 4.8 10” diameter, gbM, B stellar Nu., Barnard 0. 
& 41 6.3 E53" diameter: 

i 68 7.3 B, 3” diameter, almost stellar. 

4u, 40 15.4 F, 20’X6”, p 124°, B stellar Nu. 

v, §r 12.5 FE, 2” diameter. 

w, 83 10.0 F, 2’ diameter. 

x, 1I7 13.6 185" -p 418 stellar Nu, 


N.G.C. 7435, 7436, Pegasus 

N.G.C. 7435, a=22'54™68, §6=+25°42/2 
N.G.C. 7436, a=22 546, 6=+25 43.3 
Plate No. 293, 1917, June 23, 120™. S 23. Images small and round 


\ag20); A=62°, B=—31° 


The plate shows a rich field of small nebulae consisting of 
elongated masses with bright almost stellar nuclei. They are 
probably spiral. 

N.G.C. 7431, @=22553™47°, 5=+25°44!2 (1920), is a star 

with faint companion /. 

N.G.C. 7433, @=22554™28, §=+25°43!2 (1920), does not 

appear on the plate. 
266 


PHOTOGRAPHS OF NEBULAE 29 


N.G.C. 7436 has a bright stellar nucleus surrounded by faint 
nebulosity, 7” diameter. 
The positions of the following nebulae are referred to N.G.C. 
7439. 


a 


a, p 239°,d 14/9 MB, 20”X8"”, p 40°, IbM. 

b, 273 7-9 F,15"X5", p 150, lbM. 

C3. -240 7.2 MB, 30”X8”, p 140, spindle, bM. 

A 232 12.6 F, 15X10", p 30, IbM. 

€,55 238 ey, F, 20X10”, p 150, IbM. 

| ey | 5.8 MF, 10’X5”, p 150, spindle, stellar Nu. 
gr 8r3 3.5 MF, 5” diameter, stellar Nu. 

h, 300 1.6 MB, 30’’X10”, p 45, ellipse, stellar Nu. 
3, 232 t.0 MB, 30X10”, p 160, spiral, stellar Nu. 
j, 187 2.4 MB, 5” diameter. 

k, 270 0.4 B, 20’ X6”, p 95, spindle, stellar Nu. 
i, 168 1.t MF, 4” diameter stellar nucleus, N.G.C. 7435. 
m, 136 7 3 NEB 20. X14" Dp 130; 

", TAr 9.4 F, 30” X8”, p 40, uniform. 

Qo, 47 8.9 MIF, 6” diameter, bM. 


N.G.C. 7611, 7615, 7617, 7619, 7621, 7623, 7626, 7631, Pegasus 


N.G.C. 7611, a@=23515™338, 6=+7°22! 
N.G.C. 7615, a=23 15 53, 6=+7 58. 
N.G.C. 7617, a=2316 2, 6=+7 43. 
N.G.C. 7619, a=2316 12, 6=+7 46. 
N.G.C. 7621, a=2316 20, 6=+755. 
N.G.C. 7623, a=23 16 27, 6=4+757. 
N.G.C. 7626, a=23 16 39, 6=+7 46. 
N.G.C. 7631, a=2317 24, 6=+7 46. 


(1920); A=56°, B=—571° 


NNU YON UN 


Plate No. 351, 1919, August 21, 130™. S 23. Images small and round 


N.G.C. 7611, 8B, stellar Nu., 10’ diameterin Fnebulosity. 60/15”, p 140°, 
edge of plate. 

N.G.C. 7615, MF, uniform, 40’ 20”, p 140°. 

N.G.C. 7617, B, stellar Nu.; 8” <5”; $ 32°. 

N.G.C. 7619, 3B, Nu., 12’’X10”, p 32°, in F nebulosity. 

N.G.C. 7621, Stellar Nu., 3’ diameter in nebulosity 20/5", p 170°. 

N.G.C. 7623, B, stellar Nu., 8X6”, p 170°, in F nebulosity 15” diameter. 

N.G.C. 7626, 8B,stellar Nu., 8’ diameter, in F nebulosity 40’ diameter. 

N.G.C. 7631, MF, stellar Nu., 3’ diameter, in F nebulosity 90’"X30”, p 80°. 
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There are many other small nebulae on the plate, which will 
be listed when a duplicate plate has been made. 


N.G.C. 7722, Pegasus 


a=23°34™41*, 5=+15°31/0 (1920); A=68°, B=—44° 
Plate No. 353, 1919, August 27, 27™. S23. Images small, almost round 


The exposure is sufficient to show a spiral with bright nucleus 
and strong absorption streak f the nucleus. The portion shown 
on the plate covers 45’ X30”, p 150° (no trail). 


Ss. 


I.C.I 922, 928, 931, Ursa Major, and a 
Group of 72 Others 


I.C.I 922, a=13'40™17*, 6=+56°0'4 
I.C.I 928, a=13 40 43, 6=+561.2 7 (1920); A=73°, B=+59° 
I.C.I 931, a=13 40 490, 6=+561.3 

Plate No. 341, 1919, May 28, 30". S30. Fair images 

Plate No. 342, 1919, June 25, 160™. S30. Fair images 


Barnard originally called attention to this group in A.W., 125, 
379, 1890, and numbers from 917 to 938 (with a few exceptions) were 
assigned to it in the Index Catalogue. Of the seventy-five nebulae 
shown on the plates only three (not including N.G.C. 5278-5279, 
which appear among them) have been identified, namely, I.C.I 922, 
928, 913. Many of the objects are almost stellar, but they have 
been listed because of some peculiarity of appearance which 
distinguishes them from the neighboring star images. Measure- 
ments were made on the plate relative to B-.D.+56° 1677, for which 
the reduced co-ordinates are a=13537™1986, 5=+56°25/2 (1860). 
Positions are given for right ascension and declination 1860. 
Hubble’s paper* on this field which has just been published identi- 
fies twenty-five of the objects given here; they are indicated as 
H22- etc: 


*E. P. Hubble, “Photographic Investigations of Faint Nebulae,” Publications 
of the Yerkes Observatory, 4, Part II, 1919. 
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Description a 1860 3 1860 
MB, eet BOUXO-sptO SID My eaelce ya ee oe 13536™ 780 +56°22/4 
MF, as UNIVE. stccicrsgenl cree ic tok Fae arate oe ohare H22 g.1 15.9 
B, Since POT OEE er Ae reatnre Search| ee eee 11.6 20.4 
MB, fie 4 ON DEAS Be ea he Peeael ay GR ba oa Raine 19.6 25.5 
B; Nucleus, N.G.C, 5278 ....4.. 5S | Beene ea 27.2 22.0 
Breall eN Gi one 9O ca pre rercatiioe sleet nets Bits 22.2 
MF, 10”, PatGhices des ete tion pen H31 47.3 28.8 
MB # CRE Nn Ae SONS Cu eets, icon ey Oreos Reet 36.3 
MF, 5 »,bM Spore MeN ee RMI Te sce oe ee 56.7 36.0 
PRT On PAUCH a Soren Stereo | eee ne 37 4.6 8.9 
MF, ws BD Micsart one te cictarel ie wate eared See SD 5.6 19.9 
MF, 12" ’ diameter, patch Botan Sere eitchenteyelicgent ccatencets 13.0 40.6 
MB, Dat Op 35c, Spindles ph Mawias Wace. ace 357 31... 
F. 6’ ’ 1bM. Sains en ite che sete tiakerae oleteece ree I4.1 14.7 
a4, SSW eueek dot, Bote gn apy hci or tane SNe H34 14.1 8.9 
MF, 20”X5”, P PVOr MIMNOMN ear eee 16.7 31.2 
LEE DRS Be bile jr eens cuctea to ceed eran 19.6 25.2 
MF, 12” X8”", pb 100", ES Ege ret cares fees H35 2r0 14.0 
MF, 12"X8", DigOre aM pee certs tne eee 23.2 10.2 
MB, 4 BETES LS TORSO OI a te, SO Ra es See 2355) 15.9 
B, 20" K8", p 100, SD Mc cnvecew eres H36 26.1 13.8 
MB, 12"X8", Pitsb7-eb Meester seek H37 34.3 12.6 
MF, 4’ I rea he a Ee SIRE Gi ase 38.7 24.8 
EO SeStGHAL concen. ee tent et yeni Palen oe Hy4o 45.1 17.8 
ey Oa DALC Ma ots .raerien's. xis ateciate rele se | ohne eevee 46.9 10.2 
NU ReTO caib Wemmtu creer an. o-tscan | Sein eke 47.1 40.1 
MEB er Se pacch sneer a tint RIE recite ceneiene c 48.2 BGokk 
MB,-12"X4", 60° SAINT OPI on reel chars tiene cere Ne 48.5 33.0 
MB, oP Pp 135°, Sib Mase ee Har 52.0 22.0 
MF, Be Legs Me ean  sicrete hurotieteee el eee areereNe eho) 26.8 
MB, 5”, ibM BRAD Ae atc tetas cert tone wider | Nase SIS 54.6 17.4 
MB, SEC 1022 00 DME wa. o.«tlnetite inne Hy42 38 02.7 18.6 
B, 5”, SDM Soe eee ea Oh Some anaes H43 Bert 17.7 
MB, 305!” p 100°, spindle, gbM..... H44 5.4 18.5 
BAS MOA CO wale tne fice teakeine (nieces 7.5 Tee] 
PERS eID AN te oe aaite aeolian me lle eeemnetoe 8.9 17.4 
Bier 6s TO 7G sate tal erstacie ioe cael ee oe ees 14.8 19.7 
Bsa here renee ree tite cet es 16.0 28.1 
BSPAtch Se), cet or otic -eaciesieeec Oil sts as bakes 16.0 14.7 
1 GON 4 ee ol NO etre et en eat So ee cl Re insichecclane 19.0 14.6 
MB, 10"”X 4", POO se PALel ee Sel. cre nieteres = locate Sea etets 26.1 16.7 
MB, INI perl eign ec WaNov ct iva «a siei| Siehag Serer 28.0 20.4 
B, SecA P1207, SDM CNG 28.8 aoc nee 29.2 19.4 
MF, (oy Nad 01 Oy ee oa ee oR eI Rta Ce CHER oe 32.0 24.8 
TU DEH ON a 2a vee Re Snir ea an OU ED OCT Py 16.7 
MB, 108", Pe GOMD ME aay 5 clarcreteerets oe oicnasee ete 33.0 25.3 
BaSa5 te. I 931, Stellar riciawie meee cis: H48 34.8 19.5 
MB, 7X3", BO NIDM Ee Ane see ieee ete 35.2 30.4 
B, 4’, almost paling Be ee ANS H49 BIRIe 20.3 
B, REIN OP MRAP Ie meneame 36.6 15.8 
B, SEAT iA seatetectn cctorctsus rover eietasis ole rare ne H51 Byes 15.6 
MF, Sea 'D TAO re ID Ma Geer a aarti aie ess 38.9 24.3 
B, Berl MOSt StOl Alora arerscrsyiiarnetscs es) fees caps 39.4 18.9 
B, 6”, almost-stellari ie atest tateene orci Hs3 41.4 20.3 
MB, 4”, ALMOSE SLEMAT A) Gay ares) sue ier sncue sl liaaetorale ore 42.7 20.9 
F, CHRIS Boks in De gcmop ho cgoruaes WW ouuarncs 43.1 15.0 
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Description a 1860 6 1860 

LEM OM MOL Mince Ann c anecnuboode x luo d bot d.c 13438™4782 +56°19'4 
Bio 5); Diagsseciiscni teem Hs6 51.0 1505 
B.Die56 7682s hi steien sale er taser tel sere erate 56.4 19.6 
B: 8 <5! pb Ao ib Mins Hilts ce eet | eee emer 58.9 25.4 
Bex 5X6" Pl9O7 CDIMIN eee iar ere Hs9 59.2 23.8 
MF, of patch jb Mist jan shane eunletetetelega | Selene gee BOLOLO 28.3 
B, 30” X6", p 80°, BNu., spindle ..... H6o0 12.7 32.8 
EF, ReSAh oF el oer ean Ral Fue HE oir yAta ley cic Dave ocn 13.6 oor 
Biiz0 X60) 207. eI aan eee ne H61 13.7 38.9 
By 5/. pateh ci3'4 eps toe neyo chee mittee ier eae 14.0 Lone 
Sey CMM bE MeN OLE Ao. foo O oka we 19.6 19.3 
B,; 10” X6", ‘Pi TSOrene cu imei ees ee aie H62 2605 19.1 
MB, 25”, ’, patch, gbM SL atest meee legiee H63 Bi20: 41.2 
B, Lb) "<0! ‘, B 40°, patchaae cere eeses H64 33-5 34.8 
F, BOL G palon , sliver ee eee ser laeeate 33-5 34.1 
MB, 2", almost stellat i... cons (been ee 30.1 22.4 
ve 4", almost stellar................-/.eseeeeee BTR 22ut 
Ip dear er ese Sear ray Merde Sears (i Sinclair 40.8 28.7 

IY, DOR deena Mary eae hte Cent meas SS Roy Tee oes Al eater Caen & Ais 19.7 
Bat” XO" Beas ters Seg Kar oats (aCe uke 47.5 Tee 
ME. 8) patchy Ib Mya icra weedee pitti tel lla cetera le SLO 24.5 
MF, SAP AO csDALCD Wn cette CEM Era qareseeior eee 53.6 24:3 
MB, 10” X4”, p 130°, spindle, bM...... H66 55.0 16.1 


I.C.I 1470, Cassiopeia 


a=23hrmsi*, d=+59°48/9 (1920); A=78°, B=—1° 
Plate No. 297, 1917, July 21, 190". S 23. Images intermediate 
and fairly round. Illustrated Plate XVIIIa 


A gaseous nebula lying in a rich region of the Milky Way. 
Its prominent feature is a bright thread of nebulosity irregularly 
triangular in shape, superimposed on the fainter nebulosity. The 
sides of the triangle are roughly 30” long; the north side lies in 
p 88° and is straight, except for an abrupt bend to the N around 
a star directly in its middle; the f side in p 60° is shaped like 
an integral sign, while the p side, p 140°, is V-shaped, points 
inward, and has a faint star at its apex. The N and sides do 
not quite join. The faint nebulosity is roughly 70’’ 45” and is 
quite full of markings, which a longer exposure will show to advan- 
tage. A dark marking cuts across the nebula north of the triangle. 

Three nebulous stars appear in the plate: 


a, 314° 14/8 Three stars involved in F nebulosity. 
b, 197 TOR, Bright star in group of 5, involved in nebulosity. 
G 84 6.2 Two stars involved in nebulosity. 
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I.C.1 2233, Lynx 
a=8h8mr19%, d= +45°59/5 (1920); A=r141°, B=+35° 
Plate No. 2968 (Shapley), 1916, March 27, 30™. S 27 
Plate No. 359, 1919, December 23, 60™. S 30. Im- 
* ages elliptical 
The nebula falls near the edge of the plates of N.G.C. 2537 
and appears to be a faint edge-on spiral 240’’X10”, p 170° (no 
trail), with a faint stellar nucleus. 


I.C.II 5146, Cygnus 
a=2thsomess, §=+46°53/2 (1920); A=62°, B =—7° 
Plate No. 276, 1916, August 4, 60™. S 23. Images small and round. 


Plate No. 349, 1919, July 26, 300™. S23. Images small and elongated. 
Illustrated Plate XVIIc 


This well-known nebula lies at the end of a dark lane which . 
is well shown on Plate No. 349 and on the various published 
photographs of Barnard, Curtis, Franks, and Wolf. It surrounds 
the star B.D.+46° 3474 9™5, and its strong parts are 12’ in 
diameter, while extensions run to the boundaries of the dark region 
in which it lies. Two of these extensions end at stars involved in 
nebulosity, a, p 257, d 9‘7, which is preceded by a bright patch, 
and b, p 156°, d 9‘8, where the nebulosity brightens on the pre- 
ceding side of the star. The nebula is a wonderful array of dark 
and light markings and cannot be likened to any other object, 
although counterparts of certain configurations may be found in 
some of the other large gaseous nebulae. For example, the dark 
birdlike or torchlike dark markings in the Sp section, of which 
there are two, are similar to a marking in the p section of M 16; 
two dark indentations on the Np side resemble some of the inden- 
tations about the rim of M 8; and some of the canopied structure 
resembles the outlying parts of the Orion nebula. 


Mount WILSon OBSERVATORY 
April 1920 


271 


ERRATA in Mount Wilson Contr., No. 132, 
Astrophysical Journal, 46, 24, 1917 


Page 12: N.G.C. 2403, Plate Vc was made from negative No. 307 (of the 
present series) instead of No. 169. 


Page 18: N.G.C. 4594, the equation should read V= —2.78x+1180. 
Plate XIIIc: N.G.C. 5544-5545, orientation of the plate is S at top, f at right; 
identification of nebulae in text is not correct; true description is found 


in the present series. 


Page 19: N.G.C. 4900, a=12556™288, 
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THE COLOR OF THE NEBULOUS STARS 
By FREDERICK H. SEARES ann EDWIN P. HUBBLE 
ABSTRACT 


Color of foriy-seven nebulous stars.—The ratio of the times of exposure with and 
without a yellow filter, producing images of the same size on an isochromatic plate, 
varies regularly with the spectral type for normal stars of a given absolute magnitude. 
Most nebulous stars, however, as the results in this paper show, are abnormally red 
for their spectral type. The color-indices of thirty-six out of the forty-two nebulous 
stars for which complete data are available are from 0.4 to about 3 color-classes in 
advance of their respective spectral types. The average color excess is about one 
color-class, which is five times the probable error. Two methods were used. The 
color-indices obtained from the 6lue-yellow exposure ratios determined with the 
60-inch reflector were checked in part by those obtained from polar comparisons of 
photographic and photo-visual magnitudes made with the to-inch Cooke refractor. 
The stars investigated are in R.A. 6" to 74 and 16® to 184 and include among others 
p Ophiuchi, ¢ Scorpii, 22 Scorpli, N.G.C. 1514, 2170, 2175, 2182, 2245, 2247, 2282, 
2283, I.C. 444, 446. Several possible explanations of these results are discussed. 

Suspected variable star—The behavior of B.D.+10°1771, 8Mo, spectrum Ko, 
suggests that it may be a variable. 

Specirum of nebulosity around nebulous stars N.G.C. 2245, 2247, 2282, I.C. 446, 
and p Ophiuchi is continuous, whereas the nebulosity around N.G.C. 1514 is gaseous. 


In a paper presented to the Royal Society in 1791," Sir William 
Herschel described a class of objects that he called “nebulous stars, 
properly so-called.” These objects are found in or near the Galaxy, 
and are characterized by the fact that visually they present nothing 
to differentiate them from ordinary stars, except a surrounding 
mass of nebulosity; they are perfectly sharp and show none of 
the diffuseness found in those extra-galactic objects to which the 
name ‘‘nebulous star’ is often applied. The nebulosity itself is 
frequently inconspicuous, and in some cases can be detected only 
on photographs of long exposure. 

Historically, the nebulous stars of Herschel are of great interest, 
for it was through them that he first became convinced of the 
existence of luminous matter widely scattered throughout space, 
in a form quite different from that which constitutes the stars, and 


1 Phil. Trans., 81, 71,1791; Collected Scientific Papers, Vol. 1, 415 (London, 1912). 
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was led to generalizations that have long dominated the field of 
stellar evolution. Their important contribution dates back a hun- 
dred and thirty years, but the interest which attaches to nebulous 
stars is not wholly historical, as will appear from the following. 

The observations described below have grown out of a remark 
by Hubble that visually the central star of N.G.C. 1514 and of one 
or two similar objects are appreciably redder than their spectral 
types would indicate them to be.* Measures of the color of N.G.C. 
1514 and 2245 by the method of exposure-ratios confirmed this 
suspicion. An examination of the color-indices available for 
certain other nebulous stars, although inconclusive, was suggestive 
that a real excess of color might be associated with these objects 
as a class. Systematic observations were then undertaken and 
sufficient data have been accumulated to put the matter largely 
beyond doubt. For the great majority of the objects observed 
there seems to be no doubt whatever; two or three stars appear to 
be exceptional, and two or three others included in the program 
are open to question, because their intimate association with 
nebulosity is not yet fully established. 

Herschel’s original list? of nebulous stars included eighteen. 
The number at present known is approximately one hundred; 
many of the later discoveries are due to Professor Barnard, to whom 
we are much indebted for unpublished data. The stars thus far 
observed, about fifty in all, occur in two groups, in R.A. 65-75 and 
164-18", and are mainly in southern declinations ranging from the 
equator to —24°. Their spectra are mostly of type B; a very 
few seem to be early A’s; one is Oes5 and one Gs. 

The observations have been made with the 60-inch reflector 
by the method of exposure-ratios, controlled in part by photo- 
graphic polar comparisons with the 1o-inch Cooke refractor. To 
reduce the measurement to a differential procedure, all the nebulous 
stars in the same part of the sky were photographed on the same 

* Russell (Proceedings of the National Academy of Sciences, 5, 308, 1919) has called 


attention to the abnormal color-indices of ¢, 0, and £ Persei, all situated in a region 
full of diffuse nebulosity. 


2 Loc. cit. 
3Seares, Proceedings of the National Academy of Sciences, 2, 521, 1916; 3, 20, 
1Q17; 5, 232, 1919. 
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plate, along with a half-dozen other stars of known spectrum, not 
associated with nebulosity, whose colors are assumed to be normal. 
As a further aid in the elimination of systematic errors, the check 
stars were observed at approximately the same mean zenith dis- 
tance as the nebulous stars. 

Three stars of the group in 65—75 were already out of reach toward 
the west when the observations were begun. Of this group we 
have observed thirteen nebulous stars and six check stars. For 
the second group the numbers are thirty-one and seven, respec- 
tively, although several of the nebulous stars occur on a single 
plate. The polar comparison plates supply results for two addi- 
tional nebulous stars in the second group. 


TABLE I 


OBSERVATIONS OF NEBULOUS STARS 


Exposure Ratio, 60-inch Reflector Polar Comparisons, 10-inch Refractor 
1920, Feb. 16, Plate 5209, 5210 1920, Apr. 12, Plate 5, Iso, 10™ 
Apr. 21 5241 6 S30, 1 
22 5244, 5250 yp eeey, at 
23 5254 8 Iso, to 
24 5266 Iso plates used with filter D 


To determine the ratio of exposures necessary to produce blue 
and yellow images of equal intensity, exposures, usually of 2, 4, 
and 8 seconds, are made on a Cramer Instantaneous Iso plate, 
thus giving a series of “blue” images. The yellow images are 
produced by exposing the same plate behind a yellow filter—32 
and 64 seconds for B and A stars, 16 and 32 seconds for F and early 
G stars, and 8 and 16 seconds for later G’s and for K and M stars. 
To identify the images additional 2-second exposures are made, 
and the order of one or both of the series is inverted. The blue 
images serve as a scale with which the exposure required to produce 
a blue image equal to a given yellow image may be read directly 
from the plate. The logarithm of the exposure-ratio (log E) is 
used as the measure of color. 

Since the relative size of the blue and yellow images depends 
upon their actual size, it is important that the images be kept 
within certain narrow limits. To this end each star photographed 
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is reduced to a standard apparent magnitude—usually the tenth, 
with a possible range of half a magnitude in either direction—by 
means of diaphragms and screens. In refined work the remaining 
small deviations may be compensated by slight corrections, although 
it is doubtful if anything is thereby gained, since the corrections 
are of the order of the unavoidable uncertainties. The exposure- 
ratio also depends upon the emulsion and, indeed, to some extent 
upon the individual plate. 

The relation of log E to spectral type and Mount Wilson 
color-indices (color system of the 60-inch reflector) for a provisional 
mean curve is shown in Table II. The values refer to stars of 
zero absolute magnitude. For dwarf stars quite another series 
must be used,‘ but this is not needed for the present discussion. 
In the region of the B stars the curve is possibly a little too steep; 
but this cannot appreciably affect the present results. 


TABLE II 
SPECTRUM, ExposuRE-RaTIO, AND COLOR-INDEX 
(Blue-Yellow, Provisional Values for M =o) 


Sp. log E Ci Sp. log E Cr. 
BONS eras 8.80 —0.40 Gove ye es 9. 26 +o.80 
BG tetra pede pee 8.86 —0.20 Gor eee 9.35 +1.00 
YANG A Sak ay ee ais 8.94 0.00 Kose ae ane 9-45 +- 1.20 
ANG Werstcnaee scree ae 9.02 =-0.20 TKI Se ey eae 90.55 +1.40 
HOE ate heise 9.10 +9.40 Mare ieee 9-55 +1.40 
Gee worcester eet 9.18 -+-o.60 MpS Sv tone 9.55 +1.40 


The effect of atmospheric extinction and fluctuations from plate 
to plate in the relative blue-yellow sensitiveness is to displace 
vertically the curve of log EZ and the spectrum. These and other 
similar factors, such as abnormal values of the coefficients of 
reflection from the mirror, all combine to form a plate constant 
whose value is determined by comparing the observed values of 
log E for the check stars with the normal curve. The application 
of the plate constant to the observed values of log E for the stars 
of unknown color reduces them to the curve from which the color- 
class? or color-index can be determined. 

*Seares, Proceedings of the National Academy of Sciences, 5, 232, 1910. 

2 Seares, op. cit., 1, 481, 1915. 
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Table III gives the values of the plate constants derived from 
the individual check stars and the adopted means. The check 
stars are all giants, but several of them deviate appreciably from 
zero absolute magnitude, to which the values of Table IT refer. 
Allowance for this fact has been made with the aid of the curves 
in the Proceedings of the National Academy of Sciences (5, 232, 
1919, Figs. 2 and 3). The resuits in Table III are affected both 
by the errors of measurement and the uncertainties in the spectral 
classification. Their combined influence upon a single value of 
the plate constant averages +0.041,0r+o.10 mag. The average 
uncertainty for a plate is therefore 0.017, or =0.04 mag. 


TABLE III 
CHECK STARS AND PLATE CONSTANTS 
(Unit =o.or1 in log £) 


Star Sp. 5241 | 5244 5254 Star Sp. 5250 5266 

Bass 27552. :. B&8 | — 4] —13 | + 1 || Boss 3758.... F3 | —5/+5 
EVOO.5. 0. B8 | — 3 | —10] — 3 3810....| Ko | —16 | — § 
EQAA ceate B8 | — 4] —13 | —19 4137...<| Fo | — 9 | —11 

BOOS 5 cals i Oa Met aaa == (|e 15 4193... Mas | 5—sOn ear 

2000 sc MDs! 60) Sal ra a7 Stier F3|—4]+4 

22308 oes Bz | —10 | —14 | — 6 5003.. Bo | — 6 | —12 
a Sy eae othe ake, caval thera Cvasenl cia ee SOO2rE AS i Tol eee 
Meanss..c. 5: saloon ck —5|-—10|—7 Means eon scene r —7/|—5 


Freed from plate error, the results for all the stars observed are 
in Tables IV and V. It should be noted that the application of 
the plate constants has really been effective in reducing the results 
to a homogeneous system. If the mean log E be formed for each 
star, and then the deviations of the individual values from these 
means, we obtain data for the calculation of any residual systematic 
differences between the plates. Excluding B.D.+10°1771, which 
is peculiar, the results are 

Plate 5210 5241 5244 5254 5250 5206 
Systematic ee +0.004 —0.002 +0.007 —0.005 +0.005 log E 

Deviation |—0.032 +0.010 —0.005 +0.017 —0.012 +0.012 mag. 


The average value of the probable error of a single determination 
of color from these measures, including residual errors in the plate 


constants, is = oMo66. 
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TABLE V 


Cotors FRoM ExposurE-RATIOS, REGION 16>—18h 


Vis. AND Loc E Cotor Excess 


Osyect Pv. Mac- Spy 


NITUDE 5250 5266 | Mean 5250 5266 Mean 


Nebulous stars 


p Ophiuchi Bt. ..... 5.22 .05 +1.2 
p Ophiuchi Ft...... , Bs oe go ge be eee 10.9 | Fist 
GASCOMPU as es 3.08 | Br | 9.05 | 8.94 | 9.00 | +1.6 | +0.9*) +1.2 
BRSCOLPIES aie oss oh 4.87 | Bs | 9.88 | 8.89 | 9.88 | +o.1 | +0.2 | +0.2 
B.D. —10°4713 .... 5.80 | Bs | 9.03 |] 9.11 | 9.07 | +r. | +2.6 | +1.4 
——FQuA So Fox <5 6.2 Gs | 9.33 | 9.31 | 9-32 | —o.1 | ~0.2 | —o.2 
—I9 4359 Bt. FE Bg | 8.99 | g.or | 9.00 | +0.4 | +o.5 | +0.4 
—19 4359 Ft. 8.0 Ao | 9.05 | 8.99 | 9.02 | +0.7 | +0.3 | +0.5 
—I19 4361 Bt. 7G Bg | 9.07 | 9.07 | 9.07 | +0.9 | +0.9 | +0.9 
—19 4361 Ft. 8.4 Ao | 9.06 | 9.07 | 9.06 | +0.8 | +0.8 | +0.8 
—IQ 4940.... 9.6 Bia een: SOOm|EOCOOM aerate +1.0 | +1.0 
—19 4043.... 9.0 Bom seer OLO5 5 O-O5 aim eer +o.8 | +0.8 
—19 4946 Bt. 10.9 Bevin OTOL, nO .OUC psa +1.1 | +1.1 
—I19 4946 Ft. | 10.9 Bsn seers sop Pukey allocate 6 +o.9 | +0.9 
—I9 4948.... 9.0 Been ce SrOSHIEOTO SIN Mere +1.0 | +1.0 
—IQ 4953.... VS Bae Greece: GCP MIGREE |Incoosoc +1.0 | +1.0 
—IQ 4054.... Ox Oe meee oer S37) O37) | cea eretores ete eee | eater 
CD. —23 12860... 6.56 | B8 | 9.09 | 9.07 | 9.08 | +1.1 | +1.3 | +1.2 
Sate Sho See. all PA ry ol eee @00) |O500 Os OO heer alleen cesleerernerre 
—23 13008... 10.1 B3 | 9.09 | 8.97 | 9.03 | +1.6*| +0.9*] +1.2 
— 23 13083... 9.6 IB Gaal pace QREA On 4n | nae +1.8}t| +1.8 
—23 13007... g.I Bs | 8.95 | 8.96 | 8.96 | +0.6 | +0.6 | +0.6 
— 23 13908... 8.6 B35) 8208. |-8-070|F 8.051 |r O-05|) 1-0. Ona O28 
— 23 13999... 9.9 Az | 9.00 | 8.96 | 8.98 | +o0.2 | —o.1 0.0 
—23 14002... 9.9 Az2 | 8.95 | 8.99 | 8.97 |. —o.1 | +0.1 0.0 
-— 2 sf ROOM Ay Aaa MiGbnoe 8.00" | S205 10 S.07" Ihre ctasce [arms are rele 
— 23 I4005... Cho B3 | 8.07 | 8.08 | 8.08 | --o.7 | --o.7 | +-0.7 
—23 I40t7... 8.5 Bs || 8.07 | 9.04 | 9.00 | -Fo.7 | --z.1- | 4-0-9 
—24 12684... 8.0 Bs | 9.18 | 9.13 | 9.16 | +2.0 | +13.7 | +1.8 
—24 13962... 7,2 Br |) 8.07 || 8.07 8.67 |\-Fo.9) | 4-118) 1-260 
— 24 13984... 9.8 Bim |yacoen QrOGs|KOLOS |e ae +1.7 | -+1.7 
Mean | +0.88 

Check stars 

WROSSES 75S nal acc 3 3.9 F3 | 9.17 | 9.09 | 9.13 | —o.1 | —0.6 | —o.4 
BGTOs ade alee 5.8 Ko | 9.54 | 9.45 | 9.50 | --0.8 | --o.2>|>=F0.5 
AES Tee A anseoaate 5.6 Fo | 9.24 | 9.28 | 9.26 | —o.1 | +o.1 0.0 
ALOR. Go eels 0.8 Ma | 9.54 | 9.61 | 9.58 | —o.1 | +0.4 | --0.2 
BISE Doi as - 4.8 F2) | 9.09) || G:03"| 9.00 | —0.2" || —0.6)|,—o-a! 
BOOS. stonspiepe aes: Fyn Bo | 8.82 | 8.91 | 8.86 | --o.z | +0.7 | +-0.4 
GOOG seers 0.6 Fa Vile WAGPROEY | rie 8B ce O03 |) O20 eee —One 
Mean | +0.01 


* Images bad. 
t Images at edge of plate. 
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NOTES TO TABLE V 
For those stars included in the polar comparisons given in Tables VI and VII the 
magnitudes are photo-visual. Magnitudes for the remaining nebulous stars are visual, 
from Harvard Annals, 50 or 54, and the C.D. corrected by Harvard Annals, 72. 
p Ophiuchi: Sp. from Harvard Annals, Frost and others, is probably of brighter 


component only. 
« Scorpii: Sp. from Harvard Annals, Campbell and others. A spectroscopic 
binary with stationary H and K lines. Harvard Annals, 76, gives a color excess of 


+o¥33 mag. 
22 Scorpii, and B.D. —10°4713: Sp. from Harvard Annals, checked by MW slit 


spectrogram. 

B.D. —19°4357: Slit spectrogram, 60-inch. Abs. mag. by Adams, one plate, —o.3. 

B.D. —19°4359, —19°4361: Sp. from OP 1o-inch refractor, and FP slit, 60-inch 
reflector. 

B.D. —19°4940: Sp. from OP 1o-inch refractor. Lines very diffuse. 

B.D. —19°4943: Sp. from OP 1o-inch refractor. Lines very wide, especially Hé. 

B.D. —19°4946: Sp. from FP slit, 60-inch reflector. 

B.D. —19°4948: Sp. from OP 10-inch refractor. 

B.D. —19°4953: Sp. from FP slit, 60-inch reflector. 

C.D. —23°12860: 3’ pp Ophiuchi. Sp. from OP ro-inch refractor. 

C.D. —23°12862: 2’ N p Ophiuchi. 

Spectra of remaining nebulous stars from OP 10-inch refractor. 

C.D. —23°13908: Sp. very faint. 

C.D. — 23°13983: Lines widely double. 

C.D. —23°14005 and —24°13962: Sp. checked by FP slit, 60-inch reflector. 

Spectra of check stars are by Adams or from Harvard Annals. 

The significant quantities are those in the two columns headed 
“Color Excess.’’ These are expressed in spectral subdivisions 
and were obtained by subtracting the spectral type from the color- 
class corresponding to log EZ. Their values in magnitudes on the 
color system of the reflector may be found by multiplying by o.4. 
Thus for N.G.C. 1514, Plate 5209, log E=g.09; the color-class 
is fo and the spectrum B8, whence the color excess is +1.2, or 
in magnitudes, +0.48. 

The values of the color excess for the check stars are merely 
residuals, inasmuch as the color of these stars is assumed to be 
normal. In contrast with these, the large and persistently positive 
values of the color excess for the nebulous stars show that their 
colors are well in advance of their spectral types. The phenomenon 
seems to be somewhat more pronounced for the group in 65-75 
than for that in the later hours of right ascension, the respective 
means being +1.28 and 0.88. The corresponding values in mag- 
nitudes are +0. 51 and +0. 35. 
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The star B.D.+10°1771, 8™o, is not nebulous, but follows the 
nebulous star N.G.C. 2245 closely and lies in the dark lane con- 
necting this object with N.G.C. 2247. The spectrum, Ko, is from 
the Revised Draper Catalogue. The values of log E are subject to a 
systematic correction because of the size of the images, the exposures 
and aperture having been adjusted to N.G.C. 2245 and I.C. 446, 
which are both in the same field and much fainter; but their 
relative values should be reliable. The accordant results from 
Plates 5241, 5244, 5254 can be reconciled with the spectrum only 
by supposing the star to be of low luminosity, M=-+-6 or fainter. 
The value from Plate 5210, on the other hand, indicates high 
luminosity. The images on this plate are excellent. The pos- 
sibility of an error in the record which would explain the discordance 
seems to be excluded by the results for N.G.C 2245 and 2247 (ob- 
served simultaneously with B.D.+10°1771), which are in agreement 
with those from the other plates. The behavior of the star suggests 
variability. 

These results have been tested by a direct determination of 
the color-indices of two groups of nebulous stars in 184 5™5,—24° 
and 1812™, —19°, respectively, with the aid of polar comparisons 
made with the 1o-inch Cooke triplet. One pair of plates for the 
determination of photographic and photo-visual magnitudes was 
made for each region; and, as a check on the zero-points of the 
magnitude scales, several stars near the nebulous objects, but not 
involved in nebulosity, were also included in the comparison. 
The results are given in Tables VI and VII. 

The photographic and photo-visual magnitudes are on the 
Mount Wilson system,’ reduced to the color system of the ro-inch 
refractor by the formula 


Pyw=PZ6.—0. nae) Cés, 


in which Pgs, represents the photographic magnitude of a polar 
standard on the color system of the reflector and Cs its corre- 
sponding color-index. The photo-visual magnitudes require no 
reduction. 


I Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 
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The spectra are from an objective prism plate with the same 
instrument. The relation between color-index and spectrum for 
the check stars is shown in Figure 1, from which it appears that 
the zero-points of the magnitude scales are well determined. 
For Region II there is a slight systematic effect, but for Region I 


TABLE VI 
Cotors By Potar Comparisons. Recion I, R.A. 18'5™5 Dec. —24° 


MAGNITUDE Cotor Excess 
Ee aes oar en 
Pg. Py. CC—Sp.| Table V 
Nebulous stars 

B.D. —22°4510*..... 8.04 | 7.25 | +0.79 | g5 A3 ote alea, | pase sane 
CAD S—225T2S2 Oneteen ern |) gee lll elgate) |) Gs) Bo =.) )| ene reranenete 
— 22013 OOSmeniar 10.23 | 10.10 | +0.13 a4 B3 Sites +1.2 

—23 13054..... 9-64 | 9.55 | +0.09 | a3 B3 =|=E sO! [ic Secsste cae 
— 23 13983..... 9.78 | 9.64 | +0.14 | a4 Bs +o.9 |} +1.8f 
2300 aires 9.08 | 9.10 | —o.02] bo Bs +0.4 +0.6 

— 23 13908..... 8.45 | 8.56 | —o-rr b7 B3 +0.4 +o.8 

—22 103 000 sarin 10.02 9.87 | +0.15 a5 A2 Ons 0.0 

—23 14002...... 9-05), 9-82 | 4-0.13. |) a4 A2 {0.2 0.0 

—23 14004....- 9482-19293) 1 --o- oon sata G ee yale el ater 

—23 I4005..... 7.04 | 7.38 | =-0.26 | a8 Bs mites} 0.7 

—— 230 TAOI 7 Melee 8.47-| 8.46 | +o.0r ao Bs +0.5 +o.9 

SON AOI 5 5 24 7.38 47.20 || -+-0.18 a6 Br arias +t1.0 

=“ 2ANT 200A ey | OPO Sale Ou Tomi at Onns as Br a eeys! +1.7 


Check stars 


CDS — 23513000. e611 | OFA5 | O83 7 He reCoulare: K2 +o0.2 
ARNE 6 5 3s 7.62 7.60 | +0.02 at A2 Oak 
louie ooueeneen 7.07 2.0 |) 0034 500 B2 Ong 
SOI, OOS 5S oc 9 03 8.96 | +0.07 a2 A2 0.0 
SSBY, ILI 5 oc 7.54 HalOs, |) Oates b7 Bs -|-0.2 
23, T4010... .. 8.80) | 98.42 1)--0.385|) fa F2 —o.1 
ORION os ec 9.43 9.37 | +0.06 a2 Bo icons 
SAAS UAT 3 5 A O2OSM Os tOMl EOL COM mao: Ko One 


Systematic difference for check stars | 0.00 


* The bright central star in the northern mass of the Trifid nebula. 
t Images at edge of plate. $ Color-class from exposure-ratio a2. 


spectrum Ao corresponds to zero color-index very accurately. 
For Ko, Cy.=0.96. For the reflector the corresponding value is 
Céo=1.20, whence the coefficient of the color equation is 0.20, 
in agreement with the value given above. 

Assuming the increase in color to be linear, we find from the 
color-indices by the formula, color-class=C,,/o.32, the values 
given in the fifth column of Tables VI and VII. The differences, 
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color-class minus spectrum, expressed in spectral subdivisions, are 
the values of the color excess. The mean differences for the check 
stars are small, as was to have been expected. Their values 
are 0.00 and +0.14, respectively, or in magnitudes, 0.00 and 
+0.03. The nebulous stars, on the other hand, with the excep- 
tion of C.D. —23°13836, 13999, and 14002 (Table VI), show 
large values of the color excess, in agreement with the results 
obtained from the exposure-ratios, which are inserted in the 
last column of Tables VI and VII. Correcting the values of 


TABLE VII 
Coors BY PoLar Comparisons, Recion II, R.A. 18812™ DEc. —19° 
MAGNITUDE Cotor Excess 
Cem | ee 
Pg. Py. CC—Sp.| Table V 
Nebulous stars . 

BD 16 740400 ote 9-55 |, 0-50 | =-0.05) || a2 B3 =-0.9)1) =Er-0 
—I109 4043...... g.09 | 9.00] +0.09 | a3 Bo +0.4 +0.8 
—19 4946 Bt.... | 10.88 | 10.76 | +0.12 | a4 Bs +0.9 +1.1 
—19 4946 Ft.... | 10.91 | 10.90 | +0.01 | ao B3 +0.7 +0.9 
—I9 4948...... 8.75 8.80 | —0.05 | bo Br +0.8 | -F1.0 
EOS cys ate 7.50 7 cAQ* at-OLO7 a2 Bs +0.7 =O 
—I9 4054......- rio Reese MORO) lea Oeste 7 DEN WG eteslso on AS Oullascs cmc 
Check stars 

B.D. —19°4970...... 7.91 7.95 | +0.16 | a5 A3 +o.2 
—19 4065...... 9.07 | 8.44 | +0.63 | go F8 +0.2 
—EQ 4900052. - Q.21 GLOON|e-|-Or2r a7 A2 +0.5 
= TOLAOR2 lace yc 7.98 7.62 | +-0.36 | fx F2 —o.1 
=20 5065....°:.- 9.24 | 9.30 | —0.06 | 068 Bs +0.3 
—=I9 4035.-=-.:. 9-45 On22u ll On2g a7 AS +o. 2 
—I9 4929...... 8.56 | 8.09 | +0.47 | f5 F8 —0.3 


Systematic difference for check stars |+-0.14 


* Color-class from exposure-ratio 6. 


the color excess derived in Table VII for the small outstanding 
systematic difference shown by the check stars, which is probably 
to be attributed to zero-point errors in the magnitudes, we find 
means for the stars observed by both methods as follows: 


From C.-I. | From log E|No. of Stars 


ha DIGRV Danes eeereree 0.80 0.87 Io 
Table Vie wn ee a 0.59 0.97 6 
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Summarizing the results we find: 


Nebulous Objects} Spectra | Positive : 
Observed Lacking | Effect Exceptions Doubtful 
‘TDable<DViccisn a cece 13 I II Bi. Di 12? 177 ena ae ie 
Table!'Veresenarieatt 31 4 23 | B.D. —19 4357 | 22 Scorpii 


Additional,Table VI.. Bie Sel een ees 2) 4 C.D: — 23 1s6cOuleme sree: 


Of the forty-two objects for which complete data are available, 
thirty-six show a positive effect whose reality can scarcely be 
doubted. A revision of the spectral classification may modify 


Sie 


+1.0 


Fic. 1.—Spectral type and color-index for the 1o-inch Cooke refractor. Full 
line, Table VI; broken line, Table VII. 


the number slightly; but the close accordance of the spectra for 

the check stars in Tables VI and VII and the corresponding color- 

indices (see Fig. 1) lead us to hope that no serious uncertainty 

arises from this source. As for the exceptional cases, it has already 
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been remarked that, in some cases at least, a close association with 
nebulosity has not certainly been established. In any event it 
seems clear that a large majority of these objects are approximately 
one color-class in advance of their spectral types. 

It would be premature “at this stage of the investigation to 
express an opinion as to the cause of the phenomenon. An explana- 
tion that will occur to everyone, perhaps the most plausible at 
hand, is that of molecular scattering produced by the nebulosity 
surrounding the star. But there is also the chance of some form 
of fluorescent excitation in the nebulous material closely adjacent 
to the stars; and one should likewise bear in mind the possibility 
that peculiar internal conditions may occur in stars intimately 
involved in nebulosity, producing something similar to the lumi- 
nosity effect that is now well established for the G and K stars at 
large. Narrowly considered, this last suggestion does not seem 
immediately applicable. Almost without exception the nebulous 
stars have B or early A spectra; and the luminosity effect for 
these types, if present at all, is certainly much less than the color 
excess observed in the nebulous stars. But if we think of the 
luminosity effect upon color as being primarily atmospheric in 
origin, and if at the same time we look upon the luminous material 
surrounding the nebulous stars as an integral part of its atmosphere, 
chaotic and unorganized through a neutralization of gravitational 
attraction by repulsive forces, the connection may not be so remote. 
This, however, leads us back to the suggestion of molecular scatter- 
ing as the primary phenomenon. 

Finally, a scattering by particles of more than molecular size 
should not be forgotten. In this connection it is at least suggestive 
that the nebulosity surrounding N.G.C. 2245, 2247, 2282, and I.C. 
446,’ as well as that covering the region of p Ophiuchi, shows a 
continuous spectrum. Moreover, all through that part of the 
sky including the group of nebulous stars in 165-18» of right ascen- 
sion we find extended areas of low star density, dark lanes, and 
vacant patches that seem to indicate an obstruction of starlight by 
masses of non-luminous obscuring material. These regions are too 
well known through the observations of Barnard and others to 

t The nebulosity about N.G.C. 1514, on the other hand, is gaseous. 
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need comment. It may be pertinent to remark, however, that 
p Ophiuchi and the two seventh-magnitude stars near it, C.D. 
—23°12860 and 12862, are the only objects brighter than the 
tenth magnitude in an area of more than three square degrees.* 
The average number to this limit per square degree in the regions 
immediately adjoining is from to to 15. 

These circumstances may have some bearing upon the excep- 
tional cases of nebulous objects which show no appreciable excess 
of color. If the particles of the nebulous mass be above a certain 
size, the characteristic phenomenon of scattering does not occur, 
and we have a reduction in the intensity of the transmitted light 
which affects all wave- -lengths equally. It is instructive in this 
connection to attempt to correlate the excess of color with the 
density of the surrounding nebulosity. Subdividing the stars into 
three groups, we find the following mean values of the color excess: 


Nebulosity Color Excess | No. of Stars Poleh te 
Moderate........ +1.0 27 4 
Dense. ate as. +1.5 6 ° 
Very Dense...... +o.9 9 2 

ab avian tote cet tome +1.04 42 6 


There is no certain evidence of correlation; but it is perhaps 
significant that of the nine stars involved in very dense nebulosity, 
two are exceptional or doubtful, and four others have values of 
the color excess below the average for the entire group of forty-two 
stars. 


Mount WILson OBSERVATORY 
May 14, 1920 


Norte.—Photographs taken with the 60-inch and 1oo-inch reflectors after 
the foregoing paper was written show C.D.—23°13999, 14002, and 14004 (Table 
VI) apparently superimposed upon a background of smooth nebulosity, which 
does not condense about the stars. This is also the case with B.D.—19°4954 
(Tables V and VII). The nebulous nature of these objects is therefore 
doubtful. 


t See the C.D. charts. 
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The condensation about B.D.—19°4357 (Table V) is very feeble, especially 
as compared with that of its neighbors B.D.—19°4359 and 4361. 

22 Scorpii (Table V) itself is apparently free from nebulosity, although 
two intricate streamers bend around it to form what Professor Barnard calls 
“the eye nebula,” of which 22 Scorpiiis the pupil. The symmetrical arrange- 
ment of the streamers suggests a repulsive force emanating from the star. 
Professor Barnard has published an excellent photograph cf the region, taken 
with the Bruce 1o-inch camera, in Astrophysical Journal, 31, 10, 1910. 

A recent photograph of C.D.—23°13836 shows that the star is not 
nebulous. 

B.D.—12°1771 alone therefore remains as an exception of a real and very 
striking nature. 

Recent exposure-ratio photographs confirm the very large color excess 
found by polar comparisons for B.D.—22°4510 (Table VI), and place it in 
color-class g4. Additional spectrograms leave no doubt that the spectrum 
is really A3. The lines are normal in distribution and number, and there is no 
trace of bright-line radiation in the red. The very pronounced color, which 
visually is in striking contrast to that of the companion star B.D.—23°338 
in the principal mass of the Trifid nebula, must therefore be attributed to 
peculiarities in the continuous spectrum. 


June 28, 1920 
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ON THE DISTRIBUTION OF THE STARS IN SPACE 
ESPECIALLY IN THE HIGH GALACTIC 
LATITUDES 


By J. C. KAPTEYN! anp P. J. VAN RHIJN 


ABSTRACT 


Distribution of stars in space-—While the results reported in this paper are 
provisional, in that some recently available parallaxes are not included and the 
investigation of the lower galactic latitudes has not been completed, it is unlikely 
that more complete data will materially modify them. (1) Im galactic latitudes 
40° to =gc0°. The average parallax for all stars of a given magnitude (m) and proper 
motion («) is found to be represented satisfactorily by the formula log r= —o.691— 
0.0682 m+o0.645 logy. By combining this result with the law of dispersion of 
parallax for stars of given m and yw, which had already been determined, the two 
fundamental laws which determine the arrangement of stars in space were found. 
The first of these is the lwminosity-curve or frequency of the several absolute magnitudes 
per unit volume, which, at least near the sun, is found to correspond accurately, from 
—10™6 to +74, to a symmetrical! probability-curve with the equation: log ¢(M) = 
—2.394+0.1858M —0.03450M? (see Table IV and Fig. 1). Assuming that the 
luminosity-curve is the same for all distances from the sun, the median absolute magni- 
tude of all stars is 2.7 (which is about 2.9 magnitudes fainter than the sun), with 
a probable error of +=1™69. The second law is the Jaw of stellar densities as a 
function of parallax. For distances below tooo parsecs the densities can be deter- 
mined directly (see Table V). For greater distances the following formula was 
derived from the luminosity-curve and the distribution-curve of apparent magnitudes, 
assuming no extinction of light in space: log A(p)=—3.425+3.526 log p—o.943 
(log p)? (see Table VI). (2) In galactic latitudes 0°, 30°, 60°, and go°. A less refined 
investigation of all stars in these latitudes has led to formulae for the densities as a 
function of parallax which are similar to that given above (see Tables VI and VII). 
These results enable us to draw a section of the galactic system at right angles to the 
galactic plane, with the sun at the center (Fig. 2), which shows that in the direction 
of the galactic poles about 1500 parsecs may be taken as practically the limit of the 
system, while in a direction in the plane of the Milky Way the same small density is 
eight times more distant. The authors point out that, since symmetry around the 
galactic poles is assumed, this work is merely a second approximation to the complete 
solution of the problem. 


1. The investigations contained in G.P.? 27, 29, and 30 were 
carried out for the purpose of making possible an elaborate treat- 
ment of the arrangement of the stars in space. At least two more 


t Research Associate of the Mount Wilson Observatory. 


2By G.P. we will denote the Publications of the Astronomical Laboratory at 
Groningen. 
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publications will be necessary to complete this investigation. Now 
that, after so many years of preparation, our data seem at last 
to be sufficient for the purpose, we have been unable to restrain 
our curiosity and have resolved to carry through completely a small 
part of the work, even though, by so doing, the rules for strict 
economy of labor cannot be altogether adhered to. 

The present paper is the outcome of this more or less provisional 
work. In the main it relates to the stars as a whole between 
galactic latitudes +40° and +go°. It is provisional in that the 
extremely valuable parallaxes now placed at our disposal by 
Mitchell have not yet been used, and moreover because the thorough 
discussion which will have to be made of the measured parallaxes in 
all galactic latitudes is not yet completed. We expect little to be 
changed, however, in the definitive treatment of the subject, which 
will form a part of the more comprehensive work. 

A somewhat less refined investigation of all the stars (irrespec- 
tive of spectrum) in galactic latitudes 0°, 30°, 60°, and go° has also 
been added. 

2. In G.P. 30 were found the numbers of stars for each magni- 
tude down to m=12.0 and for every value of the proper motion up. 
These numbers, corrected for observational errors, are contained in 
Table 19, which also gives for magnitudes 13 and 14 the numbers 
for proper motions exceeding 0” 200. 

We begin by deriving the average parallax for each of these 
classes of stars, i.e., for stars having given values of m and u. 
Following the method indicated in G.P. 8, we tentatively start from 
the formula arrived at in that publication, 


log tm,p.=A+Bm-+C log u. (1) 


It turns out that this formula represents all our data satis- 
factorily. It is true that some of the divergences are larger than 
seems desirable, but there is reason to believe that the defect is 
not in the formula. At all events, the question whether a still 
more satisfactory formula can be assigned can be settled only by 
the later definitive treatment of the data for the whole of the sky. 

The measured parallaxes available for our investigation embrace 
all the published results that seem to deserve confidence, excluding 
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those whose probable errors exceed 0%025. In addition we are 
indebted to Professor Schlesinger for a magnificent list of unpub- 
lished determinations. We cordially thank him for this generous 
act of courtesy. Professor Mitchell, too, as already mentioned, 
has communicated his invaluable results. These will, of course, 
play a prominent part in our more elaborate work, but they arrived 
too late for the present note. 

For those cases in which several determinations are available 
for the same star, weights were adopted, not exactly in accordance 
with the probable errors as given by the authors, but modified 
somewhat by the supposition that small systematic errors still 
attach to all the results. 

For proper motions exceeding 100, the stars in all galactic 
latitudes were used. For smaller motions we confined ourselves 
for the present to galactic latitudes higher than 40°. 

In order to find the change of + with u (the constant C in (1)) 
we divided the stars with measured parallaxes into two groups 
according to brightness—magnitudes 3.5 to 6.5, and those that 
are fainter. Both these groups were subdivided according to 
proper motion. We thus obtained the normal values in Tables 
I and II, which, by means of small corrections derived from G.P. 8, 
were all reduced to magnitudes 5.0 and 8.0. 

The data obtained from direct parallax determinations given 
in these tables were supplemented by results derived from the 
parallactic motions in Table 25 of G.P. 29. The latter parallaxes 
were obtained by adopting 19.5 km for the sun’s velocity, and are 
entered in the last lines of Tables I and II. 

The constants in formula (1) were then determined in such a 
way that the values from the parallactic motions are almost exactly 
represented, while at the same time the measured parallaxes are 
represented as well as possible. The results thus found are 


log 7;.9= —1.040+0.630 log u (2) 
log 1g,0= —1.163+0.659 log u. (3) 


The parallaxes computed with these formulae have been desig- 
nated by a, in Tables I and II. Although the residuals O—7, 
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may not seem to be all that can be desired, we believe our tables 
prove that, at least as far as the change with proper motion is con- 
cerned, formula (1) cannot be materially in error. As we have 
already remarked, however, it seems best to reserve a closer dis- 


TABLE I 


MAGNITUDE 3.5 TO 6.5 


m True pu 7 No. 1 Ts O-—m O-—7 
ROU Re 07048 | +0%018 31 0”0135 | 07013 | +0%0045] +07005 
ieee. trace .123 034 23 .0245 .024 | + .0095] + .oI0 
Iola cia’ S251 + .043 27 .038 038 + .005 | + .005 
IG O\s egecae \~ .436 aw OA 15 -054 054 — .007 | — .007 
BiOsuude .670 + .072 18 .O71 072 + .oor .000 
IS Ola teitee 1.260 -+- .134 23 . 105 108 + .029 | + .026 
ScOmieee SET ek 74. 9 ota 218 — .037 | — .044 
5.0 (mean) G.P.29..| +0.0204]......... ©.0200 | 0.0192 | +0.0004] +0.0012 
TABLE II 


MAGNITUDE 6.5 AND FAINTER 


m True wu 7 No. Wx Ta O-m O-—7: 
Shona o%202 | +0021 29 +0%024 | o”o02t —0"003 0” 000 
SOn eyes . 486 032 22 +" .043 036 — .O1§ | — .004 
SkOn wretie .714 = Oso 31 + .055 047 — .0I15 | — .007 
SEO an Teo + .085 28 -+- .082 069 = ).003 |i 1. OL0 
SOL 4.05 + .214 ne + .173 143 {= O4F| oso 
8.0 (mean) G.P.29..| +0.0079). ween eee ©.0079| 0.0072 0.0000] +0.0007 


cussion of this point until later. As the combined result of (2) 
and (3) we adopt 


C=+0.645. (4) 


3. We derive the constants A and B exclusively from the mean 
parallaxes found from parallactic motions. Writing (1), in which 
C has the value (4), in the form 


r= 104 tBm yy 599-645 log un (5) 
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we find for the mean parallax of all the stars of magnitude m, 


= LOAF Bmx 790-645 log (6) 
where the dashes indicate average values. 

Since the total number of stars for every value of m and yp is 
given in Table 19 of G.P. 30, we can at once find the average 
value occurring in the second member. The values of 7 are 
obtained from Table 25 (in which the sun’s velocity =19.5 km). 
Introducing logarithms, we find the equations of condition in 
Table ITI. 


TABLE II 


EQUATIONS OF CONDITION 


A : =e 
Magnitude Equation log x comp. ioe ere 2 Coe 
1 ins ana eee A+ 4B=—1.033 —0.075 —0.058 
omn cee E on Comes A+ sB=—1.019 —T.046 + .027 
Sh he oR et Seen pea A+ 6B=—1.121 —1.118 — .003 
TS tO a RR a A+ 7B=—1.156 —1.189 =|- 033 
A Es SEL ee OS Poe A+ 8B=—1.215 —1.260 + .045 
OF Sst netieceec ee A+ 9B=—1.326 —1.332 + .006 
TC eta atone the ters, < ces A+10B=—1.429 —1.403 — .026 
1G bot hue Sane Te A+11B=—1.499 —1.474 —0.025 
Solved by least squares, these equations yield 
A=-—o0.690 B=—0.0713, (7) 
so that finally 
log 1m, n= —0.690—0.0713 m+0.645 log u, (8) 


with which the third column in Table III was computed. Instead 
of this formula, however, the one actually used in what follows is 


log tm, p= —O.691 —0.0682 m+0.645 log u. (9) 


Since the two equations represent the observations almost equally 
well, we have not repeated the computations. 
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The coefficient of m corresponds to log ¢ in G.P. 8, formula (3). 
Hence from (9), €=0.855, whereas in G.P. 8 the value e=0.905 
was adopted. In the meantime this value of ¢ has already been 
corrected in G.P. 11 (p. 20) to e=0.87, in good agreement with 
the present value. 

The parallaxes obtained by means of (9) are given in Tables I 
and II under the heading 7,. The residuals for this definitive 
solution are given under the heading O—7,. Only in the case of the 
largest proper motions are they somewhat excessive. That this is 
not due to a defect in our formula is proved by the fact that the sign 
in the case of magnitude 8.0 is the opposite of that for magnitude 
5.0. For the present purpose we do not consider these residuals 
for the largest proper motions to be of prime importance, since they 
are extremely rare.’ Had this not been the case we might have 
lessened these extreme values somewhat by adopting a slightly 
larger value of C. 

4. Formula (9) contains the solution of the problem presented 
in section 2, viz., to find the average parallax for each of the classes 
of stars of given m and yp contained in Table 19 of G.P. 30. 
The stars of apparent magnitudes 13 and 14 in this table, all having 
large proper motions, must be of extremely low absolute magnitude; 
they are accordingly very valuable for extending the luminosity- 
curve at its fainter extremity. That the frequency of the smaller 
proper motions is not known for these stars is of small importance. 
Their influence on the computations actually used for what follows 
is so small that we can quite safely introduce extrapolated values. 

Although by (9) we can find the average parallax of the stars 
of any m and uy, it is of course evident that the parallax of any 
single star of the given m and yp will in general differ from the mean 
parallax. But for the problem of the general arrangement of the 
stars in space it is not necessary to know the distance of each 
individual star. It suffices to know how many stars have such and 
such a distance. This knowledge may be obtained if, in addition 
to the average parallaxes already found, we can find the dispersion 
law of the parallaxes, that is, the law which, for the stars of given 


«In further computations the best plan will probably be to use for these stars the 
individual parallaxes as found by direct determination. 
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m and y, specifies, for any value of a, the frequency of a parallax a 
times the average parallax. 

Having found the number of stars of given magnitude m and a 
given parallax, we shall know of course for these same stars the 
absolute magnitude M. 

It has been shown in G.P. 11 (pp. 17-20) that widely differing 
assumptions as to the dispersion law lead to results that differ but 
little. In this preliminary solution, therefore, we have not deemed 
it necessary to derive this law anew, but have adopted the one 
found and tabulated in G.P. 8 (solution D). 

Since it thus becomes possible to find, for any given distance, 
the number of stars of each absolute magnitude, we can evidently 
derive the two fundamental laws which determine the arrangement 
of the stars in space, viz., the luminosity-curve and the law of stellar 
densities. A convenient manner of conducting the computations is 
explained at length in G.P. 11 and need not be repeated here. It 
should be remembered, however, that it introduces the two assump- 
tions: (1) there is no appreciable extinction of light in space; 
(2) the frequency of the several absolute magnitudes (luminosity- 
curve) does not change with the distance from the sun. These 
assumptions can be avoided, at least to a considerable extent. 
They will be discussed in the definitive solution. 

Different units of distance have been used by different astrono- 
mers. That most widely used at present is the parsec. For the 
sake of uniformity we have resolved henceforth not only to use this 
unit but also to use the name, which is very convenient (though 
very ugly). To conform with this new unit, the value of the absolute 
magnitude, which must still be defined to be the magnitude of a 
star as it would appear at the unit of distance, must also be changed. 
Its numerical value will now be five less than it was according to 
former publications, and may be found by the formula 


M=m-+s log r=m—s log p. (A) 


The results obtained in the present case are in Tables IV and V. 
The table giving the densities will presently be extended to greater 
distances through the consideration of other data. 
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The result for the luminosity-curve may be considered to be the 
final result of this paper. Its general high accuracy appears in 


TABLE IV 


Loc NuMBER OF STARS PER CuBIC Parsec NEAR THE SUN 
(Determining Luminosity-Curve) 


M log ¢(M) Computed O-C 

a ly. Wee I.2 —I0 0.8 —I0 +0.4 

—MOVOA IS ip emyetee bie THO gay — <I 
—N Os O4 Siren eral ieatene 2.55 2.61 — .06 
—h SuO4 era scihara mets 277s 3-425 — .052 
— 7. OA tera kepae heron 4.148 4.173 — .025 
— NOMOA Ys ssi ttre led paises 4.843 4.851 — .008 
BOA sata renavers ase. 5.474 5.461 -+- .013 
m= PAW OA WY Ani mehers ia eae 6.020 6.001 + .o19 
EF AOA Ee I Bet ee 6.493 6.473 + .020 
PHA OY RRR oe AN 6.894 6.875 + .o19 
a=" TOA ube Ree ees hewitt 7.209 + .006 
—= FON OA trap Ae ere 7.472 WAG — .OOr 
Os 3022 tases 7.662 7.669 — 5007 
“UE Z Oe Reale Mecsas 7.776 Heo — .oI9 
ROAR ON Nairacias eis 7.836 7.853 — .O17 
SSeS Oaihiakenae ere 7.819 7.841 — .022 
HT TAN SOU RUL SY Nierartrctit Haku 7 7O — .024 
Fe LTRS OM SR ROL os, EASA 71027 7.611 + .o16 
+>HOPZO Moa Ghee eden 7.3604 7.303 — .029 
7B O cho aera es 7.200 7.105 + .095 
aie SOR ee ic eee 7.00 6.75 jes 

“FRO e BO, cretohnbae myer 6.4 6.3 +o.1 

TABLE V 


Density (=1 NEar Sun) 


7 Density 7 Density 
o”oo118 0.089 070296 0.918 
.00187 -179 .0469 I.000 
.00296 . 298 .0743 I.000 
.00469 -451 .118 I.000 
.00743 .600 .187 I.000 
.or18 . 760 ©. 296 I.000 
0.0187 OsBOA i018 ibs | cede 2 eee as aia keane ad 


the agreement of the large overlapping portions of the independent 

curves found for different distances from the sun. For brevity’s 

sake we omit the numbers which show this, but even without 
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them we gain an insight into the accuracy through the astonishingly 
close approach of the values in Table IV to the simple analytical 
curve 

log ¢(M) = —27394++0.1858 M—0.03450 M?. (10) 


The last column of the table shows the residuals. 


= + 


1.0 Brige | = sane 


; off Tee ; i 
TTL ta 
ie “ll Hit 


Tr 


A A OR ed) Cee ee ron ee he Ohare. 52) Ae oes Ole eS meee Smet 

Fic. 1.—Luminosity-curve, all spectral types together. Abscissae are absolute 

magnitudes (unit of distance, 1 parsec). Ordinates are logarithms of numbers of 
stars per 1000 cubic parsecs near the sun. 


A still better appreciation of the close approach of theory and 
observation may be obtained by inspecting Figure 1, which shows 
the curve (10) and the observed values, represented by small 
circles. With absolute magnitudes as abscissae, this curve gives 
the logarithm of the number of stars per 1000 cubic parsecs, instead 
of per cubic parsec, as does formula (10). 

We may write (10) in the form 


6(M) = AF =e HM (x1) 
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where 
A=o0.0451, M,=2.693, h=0 .2818 


(12 
=P AT9 = 692 ) 


It thus appears that the luminosity-curve (or rather the 
absolute-magnitude curve) is represented very closely by an error- 
curve spread round the median value M = 2.7, with a probable error 
of +1.69. If weassume that the agreement of the two curves holds 
for absolute magnitudes beyond those afforded by our data, the 
total number of stars per cubic parsec in the vicinity of the sun 
from the very brightest, absolutely, to the faintest is 0.0451. 

The crosses in Figure 1 represent the results found in G.P. 11 
from wholly different and very scanty material” In G.P. 11 only 
the data for stars brighter than 6.0 or 6.5 may be considered as 
fairly reliable, whereas in the present paper most of the data are 
certainly trustworthy down to magnitude 11 (inclusive), and 
even down to magnitude 12 (inclusive) for the all-important proper 
motions of considerable amount, and begin to fail altogether only 
beyond magnitude 14. 

Although the present curve is therefore infinitely preferable 
to the old one, it is still eminently satisfactory to see how closely 
the old curve agrees with the present result. The extremities 
were of necessity unreliable; the data on which it was based were 
defective not only in the proper motions and magnitudes but even 
more so in the measured parallaxes. 

The most gratifying advance is the determination of the maxi- 
mum of the curve. Owing to the inclusion of material for stars as 
faint as twelfth, thirteenth, and fourteenth magnitudes, we are at 
last well beyond the maximum, which can now be located with 
considerable precision. In many respects this will prove a very 
important gain, indeed, since it allows us for the first time to express 
with some certainty the relation between the average absolute 
magnitude of the stars and that of the sun. The absolute magni- 


*Reduced from the Potsdam scale to the Harvard scale by subtracting 0.16 
from the magnitudes. 
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tude of the sun" appears to be near —o. 2, which is 2.9 magnitudes 
brighter than the average magnitude of all the stars. 

If in Table IV we disregard the first two and the last two values, 
which are of necessity very uncertain, there still remain values 
ranging over no less than eighteen magnitudes, that is, over lumi- 
nosities varying from one to sixteen millions, all of which lie with 
extreme precision on the same Gaussian curve. We doubt whether 
any other case is known in the whole domain of science of so close 
an agreement over so large a range—a range of more than ten times 
the probable error. It is difficult to avoid the conclusion that we 
have here to do with a law of nature, a law which plays a dominant 
part in the most diverse natural phenomena. This in itself would 
lead us to assume that the curve (11) will still hold for the 
remainder of the descending branch of the luminosity-curve. 
There is at least one other fact which tends to confirm our belief 
that this will be the case. For the Bo, Br, Bz, and B3 stars 
practically the whole curve is covered by the observations,? and 
no assured deviation from an error curve has been found. It is 
true that in this case the number of observations is very small. 
Be this as it may, it would be more satisfactory if the curve could 
still be prolonged somewhat by observation. We hope to consider 
elsewhere the possibility of doing so. 

5. The densities in Table V do not extend to distances greater 
than a thousand parsecs and cannot claim any very great accuracy 
even for distances somewhat below this limit. It is evident that 
much would be gained by introducing a consideration of the known 
total number of stars of any given magnitude m.3 

As before let ¢(M)dM represent the luminosity-curve, i.e., 
the number of stars per cubic parsec near the sun having absolute 
magnitudes between M and M+dM. Further let V,,¢dM represent 
the number of stars per 10,000 square degrees having apparent 
magnitudes m to m+dm. Finally let A(p) represent the total 
number of stars of any absolute magnitude per cubic parsec, taking 


t Astrophysical Journal, 43, 105, 1916. 

2 Mt. Wilson Contr., No. 147, p. 72; for the B3 stars in particular see Table 
XXXII. 

3See Proceedings Roy. Acad. Amsterdam, March 1908. 
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as unit the number in the neighborhood of the sun. It is easy to 
show, p being the distance, that 


Nw=o .9696n ('eA(p)o(m—s log p)dp . (13) 


° 


Schwarzschild? has shown that if 


$(M) =eh to tre (14) 
and 
Nm= eo tbhmtcm* (1 5) 
we shall have 
A(p) = gh th log pti(log p)* . (16) 


Since (10) or (11) shows that ¢(M) has indeed the form (14), and 
since it was long ago shown (see for example G.P. 27, p. 24) that 
with astonishing approximation NV, has also the form (15), we 
can find the density A(p) at once from (16). The relation between 
the constants is found to be 


_256r 


— (17) 
and further, if we write 
= 1 25h (18) 
G(b— 
k= 59 — 6.9078 S00 (19) 


h=a-p—2.5203+8e— sate oer) . (20) 

6. By means of these formulae we have computed the densities 
from the values of NV,, in Table V of G.P. 27. Since the labor 
involved is small, we were not able to resist the temptation to 
treat in the same way the data for galactic latitudes 0°, 30°, 60°, 
and go°, for this must give a first insight into the arrangement of the 


t Astronomische Nachrichten, 185, 81, 1910. 
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stars of the whole stellar system in space. In executing this plan 
we had of course to assume that the luminosity-curve is the same 
for all galactic latitudes, which seems little doubtful, although 
naturally we intend to mvestigate the matter in our definitive 
solution. 

A little preliminary computation gave the following values of 
the constants in formula (15) by which the values of N,, in G.P. 27 
are excellently represented: 


Semis | °° 30° 60° 90° 40° to 90° bene 
Pret —I.249 —=. 200 —1.748 —2.079 —1.605 p=H—5.512 
ee eee +1.668 +1.593 +1.692 1.783 +1.659 q=+0.4279 


Renee —0.0325 | —0.0343 | —0.0438 | —o.0509 | —0.0415 || r=—0.07944 


The constants of the luminosity-curve in accordance with (10) 
have also been added. Using these data we find by means of 
formulae (77) to (20): 


— °° 30° 60° go° 40° to go° 
18 eae —5.830 —5.193 —9Q.221 —14.319 —7.885 
Fe sakes oe +5.705 +5.481 +9.320 -+-14.092 +8.120 
[ie ae —1.366 —— T1500 —2.441 — 3-542 | 2.171 


which lead to the very convenient formulae 


Gal. Lat. 0°, log A(p)=—2.532+2.478 log p—o.593 (log p)? 


30, = —2.25642 .381 —0.655 
60, = —4.005+4.048 = 065 (21) 
9o, =—6.219+6.120 1535 

40 to go, = —3 42513 .526 —0.943 


The evident and well-recognized defect of these solutions is that 
the formula gives A(o) =o, which is inadmissible. The values of 
A(p) furnished by (16) or (21) for the smaller distances cannot 
therefore be accepted. Fortunately our former solution gives 
good values for these very distances. The comparison of the results 
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obtained by the two methods, which can be made for galactic 
latitudes 40° to go® and which is given below, proves that the 


TABLE VI 
Loe A(p) 
LATITUDE LATITUDE 40° TO 90° 
Loc p p IN ParRsEcs 
°° 30° 60° go° Shy aed Table V | Adopted 
TiO eerie. LO, | O00)! 0, OO!" 50x00) ||" 05007 Neo. 10 0.00 ©.00 
Tee eshte 15.8 fofe) feJe) fofe) (ole) 45 foJe) (ole) 
Tea eee AB .00 .00 .00 .00 .66 9-99 9.99 
5 Oe ae 39.8 00 {ele} .00 (ele) 80 96 96 
ie: 63.1 00 fete) .00 fore) 87 92 g2 
PRL oid. ch ‘YOO 00 | 9.89] 9.85] 9.87 85 84 84 
CAGE A Belton 158 feXe) 81 B77, .80 77 73 3/5 
OR Ves ah rcs 251 (ole) 68 .60 .61 61 59 .60 
BM Vers a5 hh 398 9.90 ai -35 30 Soi 39 .38 
Di Ona 631 .76 28 .02 8.86 .06 14 .08 
BU O's uronk 1000 .56 8.99 | 8.60 30" | LOsO 7m alter ee 8.67 
eh tc 1580 122 .66 8.10 7.62 pee” dan oh 5.5.4 8.20 
Re a oe 2510 .O4 B27) 7.50 | 6.81 Pe OOn \leatienses 7.66 
Bx Oi earn 3980 S570! O3 | me OrOg mesos TeOS) acts 7.05 
Be Ginter 6310 5B) PCV i OMY Aull me etach |) one! Wooo aciaae 6.36 
AIO. RE. 10000 7.89 6.79 ae 2,05 Bi SC [easier 5.59 
Aes Ditae eve 15800 7.42 OF19s | 24530 2235 7 sy yee || Goer aro Ode 4.75 
ANA areas 25100 6.89 554) | Sa2o |) 10208 Rimi Milenctare Sook 3.83 
AO Nerercens 39800 6.32 4.84 PRO KOY |p CYRE%O) QE SAN lete vaeuaate 2.84 
ALOR os 63100 eke) 4.08 I.00 Wingo 1 beh al letaseer cies Ty Sic 5 eat hf 
SEO Laie. 100000 5.03 Buoy 9.74 5-93 CRO Mah ees ata 6 0.63 
TABLE VII 
p 
A(p) °° 30° 60° go? 
TeOOr mm recess te ° ° ° ° 
OnAOM ete fea ete {ope} 320 250 250 
T Oivscyoretehariecose tects 1920 710 49° 45° 
OO 3h rer ei cw. 3550 1320 800 660 
OZ See ntanie cet 5750 2140 1200 gio 
OLOW het lers ents 8910 3310 I700 1230 
OOAO ater. Soe corals 13200 4900 2340 1580 
OOLO IM eee: IgIoo 7080 3090 2000 
(05070) 0% SA rerie ae 26900 10000 4070 2510 
OOO25 sr erence 37200 13500 5130 3090 
OROOOLO aerate 50100 18200 6460 3720 


present method yields good results as soon as the maximum is 
well passed. 
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For distances less than 100 parsecs' 
we have accordingly adopted the first 
solution for galactic latitudes 40° to 90.° 
For distances beyond thislimit the two 
solutions give results which agree surpris- 
ingly well, and we have adopted the 
mean of the two. Beyond 630 parsecs 
the second solution is the only one avail- 
able. For galactic latitudes 0°, 30°, 60°, 
and go° the first solution has not been 
carried out. In close agreement with 
the result just found for the high galactic 
latitudes, we have assumed the density 
to be constant up to the maximum of the 
second solution, while, from that value 
on, the second solution was adopted. 
Table VI shows the values thus obtained, 
from which by interpolation we derive 
Table VII. 

Figure 2 was constructed with the 
aid of Table VII. If we imagine this 
figure completed by the addition of its 
reflected image on the other side of the 
line AB, it will represent a complete sec- 
tion through the galactic system at right 
angles to the galactic plane. The lines 
shown are lines of constant density. The 
sun lies at the center S. The numbers 
along the bottom line show the distances 
expressed in parsecs. The density is 


t By the substitution, below the maximum, of 
the first solution for the second, the total number 
of stars Nm which the theory yields exceeds some- 
what the total found from observation. But since 
the volume of space below the maximum of formula 
(16) is very small, we have assumed that no serious 
error is introduced. 
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Fic. 2.—Distribution of density in a plane perpendicular to the galactic circle passing through the center of the stellar system. 


AB is the plane of the galaxy; the marginal numbers 0, 30, 60, and go are galactic latitudes. 


The curves are lines of equal density, 


H 
on 


the density at the sun (assumed to be at the center of the system) being taken as unity. 
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unity at S, and 0.40, 0.16, 0.063, 0.025, and o.or, respectively, 
along the lines shown in the figure. 

Whether the inflection near the pole in the lines of small density 
is real we are not at the moment prepared to say. If it is not, the 
layers of small density become singularly flat for an enormous 
range in distance. 

We have not yet studied the question of the limits to which our 
results for the density are fairly reliable; but there is hardly a 
doubt that we can safely adopt them as a good approximation up 
to at least 1500 parsecs. In the direction of the pole of the Galaxy 
this brings us to what many will be inclined to take as practically the 
limit of the system. At least the density at that distance cannot 
be 1/200 of that near the sun. In any direction along the plane 
of the Milky Way, on the contrary, this same limit must be eight 
times more distant. 

Leaving further considerations for the definitive solution, we 
conclude by expressing the hope that our present attempt to derive 
the arrangement of the stars will not be misunderstood. We have 
always considered this problem to be one that must be solved by 
successive approximations. The first was that attempted in G.P. 
11, in which the system was considered as a whole, without regard 
to the differences shown in different galactic latitudes.’ The present 
solution constitutes a second approximation. It assumes that 
the center lies near or in the sun; that the system is symmetrical 
with respect to the galactic plane, which is supposed to pass through 
the sun; and that the normal to the plane through the center is an 
axis of symmetry. In subsequent approximations these assump- 
tions will be dropped. Although perhaps something in the right 
direction has already been accomplished, much still remains to 
be done, especially in the study of the galactic clouds, before the 
solution will be complete. 


ASTRONOMICAL LABORATORY, GRONINGEN 
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ON THE SYSTEMATIC DIFFERENCES IN TRIGONO- 
METRICALLY DETERMINED PARALLAXES 


By ADRIAAN VAN MAANEN anp CORAL WOLFE 


The determination of the systematic errors of directly measured 
parallaxes would be an easy problem if we knew the real parallaxes 
of any considerable number of objects, for a comparison of the 
values found by the different parallax observers with the real 
parallaxes would at once yield the required data. The method 
fails, however, because we do not know with certainty the distance 
of a single star. 

Several ways, however, may be followed in order to derive a 
useful approximation for the systematic error of any observer. . 
An obvious method is to compare the results of the observer with 
the mean parallaxes of the same stars as derived by all observers. 
The systematic errors of the different observers enter into the 
mean as accidental errors, and, if the number of observers is con- 
siderable, compensate each other to such an extent that the sys- 
tematic error of the mean will be very small. The systematic 
deviation of the observer from mean parallaxes based on the 
measures of a number of observers should, therefore, agree closely 
with his systematic error. The drawback is that relatively few 
objects have been measured by several observers. For only 19 
objects are there six or more determinations of the parallax avail- 
able; for 26 objects there are five; while for the majority only one 
or two observations are at hand. This method would therefore 
necessarily exclude most of the observational material. 

Another method was used for a preliminary investigation by 
one of the authors in Mt. Wilson Contr. Nos. 136 and 158, where 
the trigonometrically determined parallax of every star of known 
spectral type, magnitude, and proper motion was compared with 
the corresponding value derived from van Rhijn’s tables of mean 
parallaxes.t The differences thus found were combined according 


« Derivation of the Change of Colour with Distance and Apparent Magnitude. Dis- 
sertation, Groningen, 1915. 
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to spectral type, magnitude, and proper motion, and were used to 
derive corrections to the tables. The corrected tables represent 
the system determined by the mean of the results of all the observers 
contributing data to the comparison and should be comparatively 
free from systematic observational error. The average systematic 
deviation of any observer from the corrected tables is then 
approximately his systematic error. The results are practically 
the same as before; they represent the systematic deviation of the 
observer from the mean of the directly determined parallaxes of all 
observers combined, but with the advantage that it is not 
necessary for them to have observed the same stars. ‘This is the 
method followed in the present discussion. 

Several points require comment. For simplicity, consider stars 
of a single spectral type. The corrections to the table depend 
upon differences of the form z9—7z, where 7 is an observed par- 
allax measured by any observer, and 77 the tabular mean parallax 
of stars having the same magnitude and proper motion as the 
given star. The correction itself is the mean of a number of such 
differences for different observers and different stars whose mag- 
nitudes and proper motions lie within narrow limits. Thus 


ap pe 
Crm, w= (TO TT) m, w (1) 


where the subscripts represent the mean magnitude and proper 
motion of the stars in question. 

The first point to be noted is that the results of the discussion 
in nowise depend upon the tabular values 7. These are eliminated. 
For example, when the correction (1) is applied to the tabular 
value (77) m,,, the “corrected” mean parallax becomes 


Tm, ito (77) m, Me pales jae (Tr) m, ore (70) m, ae (TT) m, bu (2) 


The last term of (2) is the mean of tabular values of rr corre- 
sponding to magnitudes and proper motions lying within narrow 
limits. The means of these magnitudes and proper motions are 
m and yu, respectively. The first term in the right member of (2) 
is the tabular parallax corresponding to these means. Since for 
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moderate intervals of m and yu the variation of rr is nearly linear, 
this first term is sensibly equal to the last, and the “corrected” 
tabular value is simply 


om aS a 
Tm, w= > (170) m, n= (TO) m, w (3) 


that is, the mean of the observed parallaxes whose corresponding 
magnitudes and proper motions lie within certain narrow limits. 
These means might have been formed directly, without using tables 
of mean parallaxes at all, except for the fact that the method out- 
lined affords a simpler numerical treatment. In practice the 
corrections of the form of (1) are not added directly to the tabular 
values of the mean parallaxes, but, as will be seen presently, are 
used to compute differential corrections to the constants of the 
exponential functions whose numerical values are the tabular mean 
parallaxes. The process is therefore merely a device for obtaining 
a corrected exponential relation between 7, m, and yw which will 
represent the available data. 

Second, it must not be supposed that, when the stars as a whole 
are considered, the modified relation is necessarily an improvement 
over that upon which the tables are based; it is only an interpo- 
lation formula representing the measured parallaxes of stars of 
known spectrum, magnitude, and proper motion. 

Third, the systematic deviations of the different observers are 
obtained by comparing their individual results with the mean 
parallaxes calculated from the “corrected” formula. Any single 
difference of this sort t7—7o is composed of the following parts: 
(x) the accidental error in 79; (2) the systematic error in 70; (3) the 
difference between the true parallax of the given star and the 
value zp from the formula. The problem is to separate (2) from 
(x) and (3). For a given observer (2) enters with the same sign, 
while (1) and (3) have a random distribution. The algebraic 
mean of a sufficient number of differences of the form 7p —79 should 
therefore isolate the systematic deviation (2). 

The influence of (1) or (3) for any group of stars of a given 
spectral type, magnitude, and proper motion will be the smaller 
the more stars there are included in a group. It will be shown 
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later that several groups may be combined to form the systematic 
deviations, because the deviations as a whole seem to be independent 


TABLE I 
<o%o050 0”%050-0"%099 o” 100-07 199 07200-07499 
SPECTRUM 
n n n' n n' n n’ 
MR APs al cere Paeeiee ss (Siran ciel (Seaton anmeead lai ae co citaoro wis 
Bae Pi ie Lees Mati ea al tbe Still ames a ema Alhe.t o5'o 
ON vouty ae neat Sia, A Alok Arn adda cada (as othe: nee call et plese sh ae Renee ene | ae ane 
70) 7A od Ree Lee ae attched Ree Ara yam ol lame Oel aca eolloa aod © 
PAM (ates io cena, one tta AAR eH a iG a dilceeaee olla coo loge os. 
Weel gan tear 5 6 3 4 2 2 
OS 15 2D 2 elie, Sober erally coke raeyred| carers ered eee 
Beis saci AS LOM ARO SSS AE cet Soule vanckecie fal ieee ere] el Patauet otere | eee 
TEaths dren on I Tciptl epatotone oilfeke oeleie'| shomeyeronel | eta 
DOs) iliseavars foltve ete are eillat nate ati suame toro re teers tenatrall (alia Waetral et ates este ot eae 
<3 3 6 is 8 13 7 17 
Ba5 13 12 16 18 25 7 I5 
TMC HE raten geCuee A Sey 6 8 14 Gi 8 5 8 
=O | eee pe I I 2 2) \Wacrsanccs| seats 
PON er al Ad cinta leer Aol oma I Toll Atonsco) chelator tee 
<3 ODT |eardeta alemeer se ener te I Tool ie ercocices | poeueuwees 
Sa 9 3 4 14 23 25 46 
Bich rehenevetlete aie a 5-7 6 5 6 24 23 42 58 
7—O leon Z Z I I II I4 
> Ol ire clickarsital  Ateceun yeh heresies is Sewers i I I I 
<3 2 3 5 I I 3 Be) 
B=5) 16 12 18 9 17 7 16 
Ge ae oe ‘5-7 7 6 7 5 8 2 31 
(FO, ipo kaos I I 6 6 35 oy 
COP Niswacdalccodoro nme qin cmrenc I I 3 4 
<3 6 I 4 4 7 4 14 
z 3-5 19 15 18 30 38 14 23 
Grid ao OE 5 Coe7 13 19 19 ake) se) 7 9 
(ete Teas sac I I 2 2 13 16 
SO im ilieretetencts I I ig I 2 2 
<a3 2 I are Wet ccdaltal| is gatelieee ee 2 6 
oak) & 3 4 2 4 I I 
10 (SS el Ae eck epee 7 I5 7 7 r I i 
i hen Wen Roi eas cor Olas, 5 cho eto olla mies alltoowadllebits Sallis o cae 
2710 t Miflecsts areal|(slere isan |bousavetces totes kel ie reeeene mel tea werent I 3 


of spectral type and proper motion, although for several observers 
they are found to be a function of the magnitude. We shall, 
however, be able to combine for each observer all groups of 
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the same magnitude, which gives enough material to reduce 
the influence of (1) and (3) considerably. Moreover, even if the 


TABLE I.—Continued 


07500-0909 r"—2" gt —5" Sst. 
SPECTRUM Mac 7 
| n' n n’ n n' n n’ 
Sh lies cpiwcel| Steers: oe a.arsue sel bteetansn con fone ene | eet camel rae eat Ne | eee ee 
tw pocorn some mation Hct dlemtionlncse gulltonomdlla coats 
Oise 8 hos, os Lacy aia ears Crete lepers Min Sten lees ate ter arial toi Gores alleen a 
7 fee! Fa (ee We oi Pearce a octane ecto a otc belkorero'a £ 
ee in eer el aca al eel A lire oR |e da cee Ines & oatllaevera c < 
See ee Reapers Eeeren as [pie cel Mec. Sa bare Aer liek Set. See nah seed 
PBESR EW | eras iac ioe cif adesca cat ital Pas Reractah cael et aueieeolta aee ae] Aare eee | aioe nest | ee 
eee Ae har cae ee (Cronin Ned A incense pe mel tere s\n Smeal ero Znally oto.a & 
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ZG) Weta cs ser] vena leretallteteese aualsi| a (ot cs POEM TO aa sce loilpene wane ae] | ate cereal | eee 
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SEO) 4 pic eine |e oom ino otic (es Balas cod allt cammldw.ob 6 ula eadn< 
<3 I 6 I IB ioe ate odes ttc: enete cesl ate etlena tell easement 
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systematic deviation proves to be a function of magnitude, the 
adopted values will be those given by the smooth curves defined by 
the results for the successive magnitudes, which will again reduce 
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the uncertainty. As (1) has less influence when the probable error 
of the observer is small, its influence is less for the better observa- 
tions; the uncertainty in the final mean deviations will therefore 
be less for the observer who has attained the higher accuracy and 
the greater number of observations. 

The circumstances affecting the elimination of the quantity 
(3) are as follows. Kapteyn has shown that it is an even chance 
that the true parallax of a star of given magnitude and proper 
motion lies within the limits 0.52 7 and 1.257, where 7 is the 
mean parallax of stars of the given magnitude and proper motion.* 
This is for all spectral types together. If we separate the types, 
we should eXpect the dispersion to be somewhat less, and, in 
fact, van Rhijn finds this-to be the case.2 Roughly speaking, the 
probable value of the difference (3) is of the order of $7; and 
to obtain reliable results, the number of observations must be 
sufficient to render the effect of (3) negligible as compared with 
the systematic differences which are to be determined. For small 
proper motions the probable values of (3) are small, and a com- 
paratively small number of stars is sufficient to reduce to a negli- 
gible quantity the resulting uncertainty in the systematic error. 
With proper attention to weighting, the data for the large proper 
motions can be used, but they will contribute little to the result. 

Although the ideal condition of a uniform distribution of the 
observed parallaxes is not satisfied, sufficient material is available 
to afford valuable indications as to the probable systematic devia- 
tions of the various observers from the system defined by means of 
all the measured parallaxes that can be used for this investigation. 

This material is indicated in Table I, which gives for each 
spectral type the number of stars (m) and of observations (n’) 
for the different limits of magnitude and proper motion used. 
It includes gor stars with 1538 parallax observations. The com- 
panions of double stars have been excluded. Part of the material 
is unpublished, and we are under great obligation to Professor 
Miller, Professor Mitchell, and Professor Schlesinger for kindly 
allowing us to use their data. The various observers (or obser- 

* Groningen Publications, No. 8, 23, 1901. 
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vatories) have contributed as shown in Table II, the last column 
of which gives the weights assigned to the individual parallaxes 
on the basis of their probable errors. 


TABLE II 
Observer n w Observer n w 
BA Et See Predera es AI 0.4 Russell eres earns 40 Ong 
Alleshenye 2 sco os 250 Tee DEER een haar NE (ont 241 Ons 
CES Alanon ewes 05 ore BViGilk Gane ara Oe eacnecag 131 1.0 
Biinteb avons acre. oe I20 0.3 Wapeva. sean 20 0.5 
Greenwich & fss0.% 6.) 38 r.2 Ione net Geis So BAe 15 TO) 
Jewdokimow......... 57 Cre Gronincengent see 21 one 
POSE. ye een agen 47 0.4 ISEYSEOYINS Qe acerca 15 0.5 
wan Maanen. «05:4 <,- 89 1.5 tos tins ayaa eeaneeran te 8 Chi 
Sprotleoccac. ec-acet 84 1.0 Reber nya eeecee 13 0.4 
McGomnick «5.1.4. 201 ZO VG0ti Ree: 3 ihe) 


It is hardly necessary to mention that throughout the work 
absolute parallaxes were used. The reductions from relative to 
absolute parallaxes were derived from the tables published by 
Kapteyn in Groningen Publications, No. 8. 

For each spectral type we combine the weighted observations 
of each group of stars between adopted limits of magnitude and 
proper motion. The limits chosen for the magnitudes are: <3 
3-5, 5-7, 7-9, and >g; for the proper motions: <o"’o50, o%050- 
0”099, 07100-0199, 07200-07499, 0” 500-0999, 17-2"", 2/5", 
and >s” For each spectral type we can derive from the corre- 
sponding means the constants of the formula giving the mean 
parallax as a function of m and up. 

In practice several difficulties present themselves: 

A) The true formula giving the mean parallax of a star as a 
function of magnitude and proper motion is unknown. But we 
require only an interpolation formula which will represent the 
observed results. We may use either the equation of Kapteyn, 
a=ab™p°, or that of Stromberg, t=ab"(u+C)*. The former, 
involving only three constants, is adopted. It may more con- 
veniently be expressed in the form: log w=a’+0'm-+c’' log uy. 
It holds with sufficient precision for all but the smallest proper 
motions and is simpler for our present purposes. As already 
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indicated, we do not deal with the parallaxes themselves, but, 
in order to use smaller quantities, derive differential corrections 
to the constants used by Kapteyn for the calculation of his tables 
of mean parallaxes. We therefore compare the weighted mean 
of the observed parallaxes for each magnitude-proper-motion group 
with the corresponding value of Kapteyn’s mean parallax; the 
difference t9—7x then serves as the absolute term in an equation 
of condition 


(da’ +mdb’+log u-de’)r =10—TK = dr (4) 


involving the corrections to the constants. (For the B and A stars 
the differences of the observed parallaxes and those which can 
be derived from Kapteyn’s tables were found to be so con- 
siderable that the use of the differential formula is question- 
able. In both cases the constants were accordingly derived from 
the equation 7 =ab™y’ itself.) 

B) The material of the different observers is distributed very 
unevenly over the groups of different magnitude and proper motion. 
This involves an error in the constants to be determined as soon 
as any observer whose systematic error is considerable predomi- 
nates in a specific group. To illustrate this, we give in Table III 
the number of observations for the K-type stars as functions of 
mand pw. The successive columns under each magnitude interval 
refer to the different groups of proper motions which are the same 
as in Table I. For the different magnitudes the numbers 
of parallaxes by the individual observers are distributed very 
unevenly. Using the weights given in Table II, we find, for 
instance, that for stars of magnitudes 3-5 Allegheny supplies 66 
per cent of the weight and for stars of magnitudes 5-7 van Maanen 
47 per cent. In order to meet this difficulty, two systems of 
weighting were introduced; as the matter of treatment is one of 
opinion, two radically different methods have been followed: 

a) For each spectral type the weight of any observer who 
would predominate in the derivation of the constants was reduced 
to such a figure that the total weight of his material for that type 
would not exceed 20 per cent of the total available; an exception 
was made for the M-type stars, where practically all the parallaxes 
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are due to Allegheny, van Maanen, and McCormick. The per- 
centage weight for each observer for the different types is given in 
Table IV under the heading a. 

TABLE IV 


PERCENTAGES OF WEIGHTS OF DIFFERENT OBSERVERS 


B A FE G K M 
OBSERVER 
a b a b a b a b a b a b 
INDEELL aie weet nieces LM OR OM ELS 2 ° 2 8 Pele 2 ° 
Allegheny cr sery ees Topi Cop Madoye|imrdoye || Gach PG CVl[aiee I ese iA) oer | EY || oe 
| yk oy il Beene mre ra tip ceo! ¢ Ones esa eon mon eK ZNO I oy feel te) 
Bint? ccs eaekacras dpa ipehejil oniraalimsvopa|a etal voy Mh AAW eves] 7h Ih ae 2 LO 
Greenwich. ay. .52...5 On|) 102 Oy LD On On asOm thay fi (ofl) tole | aS) 
Jewdokimow~......... Wheel ee jane: Dal ee) I 8 I ° I ° 
NOStAmi eer actu eers I fo) 5 ROM eA ng 2 8 By Te i fe) 
van Maaneienn oleae el ae ° fo) o | 14 9 8 S | Os) eres tress 
Sproul ciate aoe 8.4 2-00 | SEs Loe EOmimeton | hsO0l ton mano herr Cofielh ate) 
McCormick ts). 15sec TDs | 200) CTS et ELOn C45) (Ona al wom TOM et bales 2 ales 
FRUUSSE ll oh pete ee te erect oral moe uci meareMel bowie We orm f eekly Mee cael ronsbe oP Al, re) 
Valle ites: tanec Len) S20; 0250 On easel Onl et seleeon) | 2cOm| cement O 
Werkes turtle even felsy ol loved peaied Specoyal aves lI) Coy | ate? youn tov ae cele | Xe) 
Cape erie ieee ce (Oye Faeroe Ne actbllee opal improv la coy I feublll vropNitl Gros tl xojeiie a2! lI. Xe) 
EL OXSEy cece O41 Ox) ‘O Wh oO I ° I Out etal eo Ohio 
(Groningeny sere Ono I oral Mie). | Se) I ° I fe) Ono 
Kaptey nar ieers acmierr OL TOK On| NOSIS the On| adel OleOle Om OR IEC: 
INGR REA, Sa ucdes an 6 Oiler .O | arn Een Oval Om iaaO) I ° I Onl (eOnlan oO 
Beterinnoe ass maior Coy eto) I 0: || Jou) 7O I Onl O) | 20 ° ° 
Wo Otte tiem. § pas hier 3 0: [On| vo I Onl) Onl pos Eon LO: ° ° 


b) The second method of weighting was suggested by Mr. 
Seares; it is based on the principle that all observers should have 
the same weight when the number of observations is large enough 
to make the influence of accidental errors and dispersion negligible 
as compared with the systematic error, while observers whose 
material is insufficient to satisfy this condition should have little 
or no weight. In deriving the constants of the formula for each 
type, an arbitrary limit of nine observations was adopted for each 
observer. ‘The results of all observers having nine or more obser- 
vations were used and given the same total weight in forming the 
mean system, while the results of those observers who have less 
‘ than nine observations for the spectral type in question were 
excluded altogether. For types B, A, and M, where the material 
is scanty, the limit was reduced to four. The contrast between 
the two methods is clearly seen from Table IV, which gives the 
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percentage weight assigned to each observer for the different 
types according to both methods. 

C) Since the dispersion (3) mentioned on page 3 is practically 
proportional to the mean parallaxes, it follows that the equations 
of condition should receive weights inversely proportional to the 
squares of the mean parallaxes. In the least-squares solution 
weights are fully taken into account by multiplying each equation 
by the square root of the weight, which merely transfers the 
factor 7 from the left member of the equation of condition to the 
denominator of the right member. 

Among the stars of large proper motion exceptional deviations 
from the mean-parallax formula are frequently encountered ; thus 
for e Eridani and a Canis Minoris we find zo to be 07317 and 
07314, as determined by three and six observers, respectively, 
while Kapteyn’s tables give 0” 109 and 0176 as the mean parallaxes 
of stars of corresponding magnitude and proper motion. In order 
to avoid the influence of individual cases such as these, all groups 
of stars between the adopted limits of magnitude and motion 
with 4% >0"200 were rejected unless the number of observations 
was more than two; in method 0, moreover, all stars having 
u>1"000 were omitted in deriving the constants, as it is chiefly 
among the stars of large proper motion that considerable differ- 
ences appear. 

Summarizing, we proceeded thus: The stars of each spectral 
type were arranged according to magnitude and proper motion. 
For each star 7; was derived from the tables in Groningen Publi- 
cations, No. 8, and the difference to —7r (Observer minus Kapteyn, 
corrected from relative to absolute parallax) formed for each 
observation. The weighted mean of these differences for each 
group of magnitude and proper motion was used as the numerator 
of the second member of an equation of the form 


TO—TT 


da'+mdb' + (log u)dc! =———* (5) 
TT 


Two complete solutions were made, using the different systems of 
weighting mentioned under (a) and (0) on pages 8 and 10. For each 
type, da’, db’, and dc’ were derived from a set of equations like (5) 


315 


12 ADRIAAN VAN MAANEN AND CORAL WOLFE 


by a least-squares solution and used with the aid of formula (5) to 
correct Kapteyn’s tabular parallaxes. The mean parallaxes of 
the individual observers for each magnitude-proper-motion group 
were then compared with results obtained by this formula. The 
differences +r—7o thus found represent the systematic deviation 
of each observer aS compared with the mean of the parallax 
material available. 

These deviations for the different observers may be a function 
of the various characteristics of the star: spectral type, magnitude, 
motion, right ascension, declination, galactic latitude, or some 
other peculiarity. In order not to subdivide the material too much, 
we have confined ourselves to the spectral type, magnitude, and 
motion. Tables V, VI, and VII give for each observer the depend- 
ence of the deviation on each of these three characteristics... They 
indicate the corrections that must be applied to the results of the 
individual observers in order to reduce them to the mean system. 
Observers with a total of less than 20 parallaxes have been omitted 
from these tables. The results derived by the two methods of 
weighting discussed above are given separately under a and 8, 
while 1 gives the number of observations used. The fact that 
n is sometimes smaller than the number of observations shown in 
Table II is due to the rejection of the stars mentioned under 
(C) on page 11. 

In forming Tables V to X the weights assigned to each 


group of stars were proportional to where 7 is the number 


n 
eC a 
of stars in the group, 7 the probable error of the observer, and 
Kw the value of the probable dispersion for these stars. 

It is remarkable to see how closely in general the systematic 
deviations, formed by the two methods, agree. Whenever the 
difference becomes considerable, it can practically always be 
attributed to the larger number of stars used in method a. It is 
important to note, especially in the case of Table VII, that the 
systematic deviations for stars of larger proper motion have little 
weight, even when the number of stars is considerable, owing to 
the large value of the dispersion Kz which appears in the denomi- 
nator of the expression for the weight. 
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TABLE V 
Unit=o0"oor 
—= ans — —a 
| b a b 
SPECTRAL | Corr. | n Corr n Corr. n Corr. n Corr. n Corr. | n 
TYPE 
Abetti Allegheny Flint I 
Beer. —12 Iji-— 9 1 |+10 § |-+-11 Gia [evens |tece east seer crete eee 
Ds ear k ers —27 8 |—22 8j4+ 7) 42 |+14] 42 |—45 8 |—63 8 
I Oe + 4 oi+4 8 i- 7 64 |+ 6 | 60 |+10 2m |-+ 2 15 
Cen eee —28 Io |—25 ro o| 62 lt 1 59 |+290 20 |+95 5 
KE Aen + 2 ro |— 5 go |+ 5 77 |\+ 1 76 |—41 29 |—49 8 
ME aren 13 Eolas tel ey i> 2} 8 |—46 Oi cranes | onetiors 
Flint II Greenwich Jewdokimow 
Ue ae —18 19 |—16 Fe cee A Serer) ttre, Se Sie —I0 r|/—s5 I 
Gee wae +16 20 |—2i oa been ey iented Oe Ol hs cone + 3 5 | —36 5 
Lecce — 2e a 2On | tas 9 |+19 On |= 225 ee Ge ao ea 
Ce aes +2 31 |+10 28 |+ 7 23 |-+13 20 |—20 15 fo) 9 
1 oie —2 26 |+4 22 |+16 4|-— 8 ri |—16 tS |-—19 8 
th? Eee +47 2 |\-+-42 Pa ee, oll ie aed este aed Leta chee +49 4 |+215 I 
Jost van Maanen Sproul 
dian eck —52 I |—52 a ne 3 |/-— 8 3 \|- Bes 3 
UNE Prt tee — 7 7 \+ 3 7p ceerael toate. al beastie eel aes +8 14 |+12 14 
1 ae ee —I4 16 |—15 16 |-- 8 | 27 |-4-12 17 |—18 | 30 |—16 | 28 
a ne —25 | Io |—22 Qo |=) 2) |) 22a or 24|— 713 ero) | 12) tO 
Ree ref +13 9 |+14 yee ae 30 |— 7 20 | =a On WG ae Ir 
MVE isc 8's 27 Ber uf Wem hi |i 21 |—62 DY |e des ie erereys 
McCormick Russell Yale 
BS aca ure — 8 4 |—I0 4 |+13 2 |+13 2 |+16 Q |+17 9 
1 ee te ee +1 26 |+ 2 26 |—27 r |—54 rj+. 14 |—11 I4 
| eres +4{/ 55|j+1] 51 |+ 8 5 |—24 3 i+ 2] 51 Oo} 45 
Syeuhare te Osi eeleAsui-t-30) TON 135 9 |+ 6| 80 |+13 | 68 
KO ee — 8 47 |—10 | 41 |+17 II |-+23 5 |+ 8 77 |-+-12 63 
Mere ae + 2 12 Ol) Sir j—54 Tf \\ 22 2 |—20 6 |+ 9 2 
Yerkes 
Byerse strc + 2 14 |+ 2 I4 
TNS Sree mere +4] 2t |+1o0] 21 
aa eor + 5 17 |+15 15 
Gaemite.: Oui Sil ee 
1 Ee Be, + 1 32 |+1 17 
IVES sxc om —46 Owl Peer legeracte 
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TABLE VI 


Unit=o"001 


a b a b a b 
Mac. Corr. n Corr. n Corr. n Corr. n Corr. n Corr. n 
Abetti Allegheny Flint I 
ee cial ea Pe Sal Proce etl ocicre +9] 16} + 6] 16 | +48 | 11 | +30] 9 
B= irene —31 | 44 | —30_| 23 | + 4 |163 | + 3 |161 | —38 | 20 | —26 | ro 
ay ene aus +15 | 14 | +14 | 14} + 4 |68 |] + 7 | 64 | —26 | 33 | —12 | 14 
Gk isiats 6 th +42 Tins soon eet +6/10/+7 9 | + 8 | 23 | —o5 3 
SO. Pe Be alee See cee et ocrekerotall otto eupstah cereus erence afew | ars | are oe 
Flint II Greenwich Jewdokimow 
se etc Sr ee ay RO) Paveeettee es MOG Els rtedia OiLo ea all imiqays.2.c +28 | 12 | + 8 | 12 
Sagas +1 ]17|/+ 6] 16 | —22 Tale—5O zt | —28 | 13 | —22 8 
Saiioyl tants — 6 | 23 o| 17 | +15 8 | +18 8 | — 2| 15 | —18 | to 
TOS 4 Oo ee allan Viel niall Gy eee NK abl eo or (ay |) S|) eb) 8 
eA 0 Wark en Otel encarta Pie Ad har eaes Gilera eekeee + 5 ICRP MENT ea learn A Cae a el | ee ee | ite 
Jost. van Maanen Sproul 
GE oe clas +40 iia eet nei ethereal inka cto! eecic ec 2S ACN tere 2 Ose 
BS iaberatels 2a Oa| a tanat OM |e todieteke ase etna ss ties oye eo 
obi Oye eRe Ml Saati | yoni aaa Woy i Syall tos os |) exe || So) || Bai 
DESEO Spa il) Sethe | Se | a ly —22 tr | —22 8 
Pins 58a: so ay tele Gls Dearie laces ares fie gayle ls fe PAL ee La cates oe a 
McCormick Russell Yale 
<3... eS 1h BON N20. a3 aS Wien ose ack soe Weenie aime 
B= 5 weeks ey Wire ih 9 eh Koey ls 8 | Ir On —13; 34" | —16 20 
ev fa sated G aS aeons ome eal aces al eee 8 | +28 | 8 | +21 | 73 | +16 | 6r 
TOR b as ape) eee |e real weil apes aby Geer i ary etc || Sehag |) fn 
AUG SEIN a rt OR cea One +16 | Hl Pile I tal ie ORs —20 All| toasteng Seene 
Yerkes 
CSU elie ie + 1 GN tsi oT 6 
RSG cones eG) Weve lhe eb aS 
ay eee nl Tale OM eat: 
Tha crcl Gre o | 36} + 8 | 22 
One ee Te top aoe tees Case 
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TABLE VII 
Unit =o0"001 
a | b | a b a b 
a 
u Corr. n | Corr. nm | Corr. | # Corr.| # | Corr.| m” | Corr.| 2 
Abetti Allegheny Flint I 
uy —— 
<o%o50....|+15 | 8 |+18 | 8 |+ 3] 54/4 2] 54 |+24} 2 |+24] 2 
07 050-0.099. — 8 8 I+ 2 8 |+ 6] 32 I+ 5 | 32 |—18 2 \—=28 2 
O.I00-0.199....|—33 | 10 |—33 | to |+ 3 | 66 |+ 3 | 66 |— 2 6 ° 6 
©.200-0.499....j-+ 2 On 22 61+ 8] 73 |+ 9 | 73 |—14 | 17 |—18 | 17 
©.500-0.999...-|—65 | § |—67] 5 {+ 5 | 25 © | 25 |-r5r-) 9 [4-24 | °9 
Ee Be shes shar —-E7 On eerste eta lb ehote| ramanalhastors ==12" 53 OM ter erers [pakke 
BOR BE Sek (OTe Lolo |e Dac Ee |b ome al Scare ceseias| be © Mier elles oollecas 
Flint IT Greenwich Jewdokimow 
LOLO§O ps FS Sls — OS ER an wll aeenileres —24 5 20 & 
OS O-OLO9O. a a Ost 0) HO tener nario BAAS ora eras gchead sa ans 
GO. F00-0,.100 5 sf 30) £7 OU ei a ree ete Beas) Cera dl Oro Galtc.conullan. 
©.200-0.499....|-+ 2] 18 |+ zr | 18 |+ 9 | 32 |-+15 | 27 |+35 | 9 i+32] 9 
0.500-0.999..../F 5 | 34/7 5] 34/+ 7) 3/-— 5] 3 1-27 | 21 |—-34 | 21 
is te eee PS aoe Se See IE (Rh ie ike ab oc Seal ele| ersten. 5 olla 
By, She. era rere lier, anal 'e eoevesan|leamean [tee mc aie Rakin tly oo eee A+ 7 Mu Grcass Elles tc 
Jost van Maanen Sproul 
<0.050 =SE2 I |—52 Th — eee Ou | —— 3530 ok On Ou —-mOn mmo) 
©.050-0.099. 7 DG, 2, 2 G2 6 | an et 215 le Oa Tet a 
GS. £000) £06. 1 tO 4A — Sot a4 |} 6 reais) eso) alton —— Soult ro 
0.200-0.499...-|+ 4/17 |+4]27/— 3] 5]—51-5 |— 3] 10 |— 3 | 20 
0.500-0.999...-|— 9 9 |— 8 9 |+14 © |--25 Tos eral —2O ene. 
era) Tei, ye oa —20 Beebe ser ne ..|—20 at Bal aa 5 =o Sia | creme el ceeaees 
BPA tgs Aare 50) Fe cee seaaltruyaralll nopeons Woicuees|| fosters! leawensye —28 ASS | es eae rete 
McCormick Russell Yale 
<O.OS0...|— alee (— 2:1 4a 2 |+13 2 |\-- 7 | 12 |= 2: | 12 
0.050-0.099.... oO | 27 © | 27 4--0 2 \ae & 2 |4-18 7 |+11 ii 
On160-0, 10907. --\4- 2) 34 |— | 34 |—50 r |—60 I |-+50 4 |+46 4 
.200-0.409.5..J— 31.42 1— 7442 \-+12)| 444-01 4 bo) 40 3 4t 
©.500-0.909..../-+ 4 | 290 |— 4 | 29 |-+109 | 12 |+18 | 22 |-+ 6 |r4r |-F 7 1137 
De areas aS TES it aioe ies ee mf - EO Al ae Oasis eran 20 ||, 20) omens aera 
De Dats Bie aat 267) Asie ees SAO) seer [fo aes =O 26 leeds rete 
Yerkes 
<0.0502- 5-1 fe ulein Oo Ly 
Os050-0.000~ sei 8) ES) at On| 14. 
©.100-0.199..../-+ zr | Io |-+ 1 | Io 
GO. 200-0.400)..\..|— 2) 20 o | 26 
DssOO-O.000 I= nl 25a rte 22 
he et ee Meee el Loner altace 
PPT ee DOCK At Oe leeeeesralairete 
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Tables V and VII show that the systematic deviations for each 
observer are practically independent of the spectral type and the 
proper motion. For magnitude it is different; only for Allegheny, 
Greenwich, van Maanen, McCormick, and Yerkes do the sys- 
tematic differences seem to be practically independent of the 
magnitude. For these we may accordingly assume a constant 
correction. Assigning equal weights to methods a and 0, we derive 
the systematic reductions to the mean system which are given in 
Table VIII. 


TABLE VIII 


REDUCTION TO MEAN SYSTEM 


Observer Method a Method 5 | Reduction Peoreve 
Allepheny: iis true nacies ere che +070044 +070040 +07 004 = 070008 
Greenwich. lah: acts +0.0085 +o0.0138 +o.o012 ©.OO1I 
VaniMiaaneniyane ver eae —0.0010 —0.0030 —0.002 ©.0009 
Mic Cormick Fils res ote —0.0009 —0.0023 —0.002 ©.0009 
ier kes Meeiiasi eke tert +0.0022 0.0050 +0.004 =£0.0010 


The last column shows the probable errors of the corrections; 
their smallness is evidence of the reality of the systematic deviations. 

For the other observers the reductions to the mean system are 
clearly functions of the magnitudes of the stars and have been 
assumed to be linear functions of the magnitude; the results are 
given in Table IX. 


TABLE IX 


Unit =o0"001 


Magnitude 

Observer ee 

° r 2 3 4 5 6 7 8 9 

Abetti RS eter iS ies enti Pas elle ec —52 |—30 |— 8 |+1 6 Wes 
Elintilietan ct eee +18 |+12 |+ 6 |+ 1 |— 5 |—10 ae eae a a 
Flint IL Magara eyes Seal 2h ita el — to ae ee eal ear 
Jewdokimow......... +27 |+19 |+1r |-+ 3 |— 5 |—13 |—2r |—20 —37 | —45 
JOSE seria roca lefeyapavenes SP) ae Oilam 3 o |— 3 |— 6 |—10 |—13 |—16 | —109 
Sproul nae cere thcects laste sleet dail ee Ria oer eee Oo |— 3 |— 7 |—10 |—14 |—18 | —atr 
Russellit mene peticnc uct —18 |—13 |— 8 |— 3 |+ 2 |+ 7 |4+22 {+16 |+21 | +26 
Wale aya eer erpys —a1r |— 8 |— § |— 2 [4+  |+ 4 |+ 7 |+70 |4+13 | +25 
Pane eA ON A et Be ed 
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For the observers whose number of observations is less than 
20 the systematic reductions have of course little value; but for 
the sake of completeness they have been collected in Table X. 


a 


TABLE X 
Observer Reduction P ena 
enero. ees, —o"o10 +0"0045 
POE F. Mcnts saps Sh —0.029 0.0067 
Groningen......... “3 —o.010 0.0050 
Kapton: ios <asaxkis +0.005 0.0029 
EOSEIDSKY Sania ya ace —0.044 O.O114 
Beer eee oe —o.o016 0.0081 
Wonies Seth bac —0.019 +0.0171 


As in Table IX the last column gives the probable errors of the 
corrections. 

To some it may appear doubtful whether the application of 
these corrections is justifiable. The authors themselves are quite 
convinced that the results are by no means final. The size of 
the probable errors as compared with the quantities involved 
shows, however, that there is good reason to ascribe the greater 
part of the deviations found to real systematic differences, 
although in many cases we may see no cause for the existence of 
such differences. 

The following tests indicate that the deviations found do 
represent the effect of real systematic differences. 

1. For the 19 stars with six or more observations available 
the weighted mean parallaxes were computed, first, without, 
and second, with, the systematic reductions derived above. 
Comparing the results of the individual observers with the mean 
parallaxes, we find that of those having parallaxes for more than 
to of these stars, Allegheny, Jewdokimow, Sproul, Russell, and 
Yerkes show a considerable improvement when the corrections 
are applied; for McCormick the result is the same as before, 
while for only Flint I and Yale is the agreement less satisfactory 
than before. Including all observers of these 19 stars, we find 
that the application of the reductions to the mean system improves 
the agreement in 72 per cent of the cases. 
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2. Further, for all the stars which have more than one obser- 
vation in common we have formed the differences 74—73, Ta —TC; 
etc., where A, B, C, etc., represent the individual observers. This 
was done, first, without, and second, with, the use of the sys- 
tematic reductions. In the latter set of reductions case we find the 
weighted differences to be improved in 65 per cent of the cases. 

3. For the Cepheid variables we know the parallaxes with 
considerable accuracy from Shapley’s period-luminosity curve. 
For eight" of these stars we have directly determined parallaxes 
available. When systematic corrections are applied, the mean is 
reduced by 0”002, which brings the result into close agreement 
with Shapley’s mean value for these stars. Owing to the small 
number of stars, this agreement in itself is by no means conclusive, 
but in combination with the other points mentioned above the 
result has considerable weight. 

We are under great obligation to Mr. Seares for many valuable 
suggestions during the progress of this investigation. 


Mount WILSON OBSERVATORY 
May 1920 


t The parallax of 6 Cephei, which became available after the systematic differ- 
ences were derived, is also included in the comparison. 
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Contributions from the Mount Wilson Observatory, No. 190 
Reprinted from the Astrophysical Journal, Vol. LII, pp. 73-85, 1920 


STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


SEVENTEENTH PAPER: MISCELLANEOUS RESULTS 
By HARLOW SHAPLEY 


ABSTRACT 


Discovery and position co-ordinates of 88 variable stars in globular clusters N.G.C. 
5024, 6203, 6553, 6779, 6864, 6981, 7006, and 7492 are collected in Table IT. 

Absolute visual magnitudes of forty globular clusters are given in Table III. More 
than half lie within the interval —8.3 to —9.3, the mean being —8.8+0.5. This 
remarkable agreement in absolute magnitude enables parallaxes to be estimated from 
the apparent brightness with a probable error of less than 25 per cent. The éotal 
light-emission of an average cluster is about 275,000 times that of the sun. 

Galactic cluster N.G.C. 7789 is found from the count of 13,500 stellar images to 
contain about r1oo stars with magnitudes ranging from 13 to 20. The probable 
linear diameter is 20 parsecs. 

Theoretical conclusions regarding Cepheid variables.—Assuming the average heat 
content per unit mass and therefore the ratio of mass to radius to be the same for all 
these variables, the author derives a theoretical period-luminosity curve which fits 
the observations well if the mean atomic weight has the value indicated by other 
considerations, viz., between 2.5 and 3.0. This agreement lends support to the 
theory and to the conclusion that only giant stars with a particular ratio of mass to 
radius become Cepheid variables. 

Globular cluster N.G.C. 7006 is so distant that the faintest stars recorded on the 
plate, magnitude zo, are probably a hundred times as bright as our sun. The star 
count indicates that the cluster is similar in constitution to nearer ones. 

Density of stars in galactic longitude +32° and latitude —20°, to photographic 
magnitude 20, is about 23,000 per square degree. 


Following the plan of the fourteenth paper, the present contri- 
bution includes five notes on various aspects of the investigation 
of clusters. Three of these contain new observational results; 
the other two deal with material already published. The subjects 
are: 

I. The discovery of 88 variable stars in eight globular clusters. 

II. The total light-emission of an average globular cluster and 
the absolute visual magnitudes of forty systems. 

III. The number of stars in N.G.C. 7789, an open cluster of 
the galaciic system. 
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IV. Evidence that a giant star must have a particular ratio of 
mass to radius before it can become a Cepheid variable (a theo- 
retical period-luminosity law). 

v. A further investigation of the most distant globular cluster 
now known, N.G.C. 7006. 


I. POSITION CO-ORDINATES OF NEW VARIABLE STARS 


Upon the request of the late Professor Pickering we have under- 
taken at Mount Wilson to supplement the systematic discovery 
and study of variable stars in globular clusters (carried on at 
Harvard under Professor Bailey’s supervision) by examining those 
faint and highly condensed systems which cannot be satisfactorily 
studied with the Harvard telescopes. Also, for the brighter 
clusters, special series of plates have been made and sent to Pro- 
fessor Bailey to supplement the Harvard material in the study of 
the light-curves of cluster variables; and some progress has been 
made in examining the fainter stars in bright clusters for evi- 
dence of variability. 

The typical variable in a globular cluster is the short-period 
Cepheid. Through the remarkable law that the length of the 
period is uniquely related to the absolute brightness, these variables 
are of paramount importance in determining the distances and space 
distribution of clusters. Particularly for the most remote clusters 
it is important to check by means of Cepheid variables the dis- 
tances already derived through measures of angular diameter and 
the magnitudes of the brightest stars. 

Positions of 23 new variables near the center of Messier 3 are 
given in Mount Wilson Contr., No. 91, 1914. The variable stars 
found by Miss Davis on my photographs of clusters were reported 
in Publications of the Astronomical Society of the Pacific, 29, 210, 
260, 1917; and the positions and magnitudes of the 28 variables 
found in Messier 68 by Miss Ritchie are included in the general 
discussion of that cluster, Mount Wilson Contr., No. 175, 1919.1 
The clusters in which other variables have been found by Miss 


* Positions of 19 of these variables are also published in Publications of the Astro- 
nomical Society of the Pacific, 31, 226, 1919. A faint variable in Messier 9 has also 
been found on Mount Wilson plates, zbid., 28, 282, 1916. 
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PLATE XIX : i 


VARIABLE STARS IN CLUSTERS 


a. N.G.C. 6779= Messier 56 @ INGEC. 7492 
b. N.G.C. 5024=Messier 53 e. N.G.C. 6981=Messier 72 
: c. N.G.C. 6864= Messier 75 


: Scale: 1 mm=16” 
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Ritchie are listed in Table I, taking the co-ordinates and adopted 
values of the parallax from Mount Wilson Contr., Nos. 152 and 161. 

The equatorial co-ordinates of the new variables, in seconds of 
arc from an adopted center; are given in Table II; the orientation, 
however, is not exact. An asterisk after the number in the first 
column indicates that the star is suspected of variation, but the 
plates now available are insufficient for a definite proof. 

On the accompanying reproduction of photographs of five 
clusters (Plate XIX) the variable stars are indicated by arrows. 


TABLE I 
N.G.C Messier | Ascedcion | Declination | p,.ai Number of | c.verted of 
G.C. S oo on 1900 arallax Variables Vicon 
Soe? ae 53 132 89 | +18°42’ | 07000053 23 S| sectors 
OZR Sra hectic Is oes ewe Srp ar ee) —26 26 | 0.000040 Cee comos onan 
De tel re gla Pe a Tors = 25050) || OKnOGOOSEs |i as ein ssars 2 
O77O west ee 56 Ig 12.7 | +30 © | 0.000040 I 2 
OSGA5 so a5 4 es 75 20 0.2 —2212 | 0.000022 II 5 
GOST foo. se 72 20 48.0 —1255 | 0.000034 GBs 3 
OMS EI aie tees silore eecva eee 20 56.8 | +15 48 | 0.000015 Qe create heels 
AQIS aie nde eta bre See 22a aT 


—16 10 0.000035 I 4 


Nearly all of the variables in these clusters appear to have 
periods of less than a day. This is particularly true for the 23 in 
Messier 53 and the 31 in Messier 72; for both clusters the median 
magnitudes of the variables are closely grouped around a mean 
value, in agreement with the earlier results for Messier 3, 5, 15, 22, 
68, and w Centauri. 

A study of the variable stars in Messier 75, at least the determi- 
nation of their median magnitudes, will be of special interest because 
the cluster appears to be one of the most distant objects on record, 
R=45,000 parsecs. A photographic study of the variables in the 
faint cluster Messier 72 will be published as the next contribution 
of this series. 


Il. THE ABSOLUTE MAGNITUDES OF FORTY GLOBULAR CLUSTERS 


The integrated visual magnitudes of forty globular clusters 
have been measured at Vienna by Holetschek.' Parallaxes have 
been published for all of them in earlier contributions of this series. 


t Annalen der k.k. Universitdts-Sternwarte in Wien, 20, 114, 1907. 
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TABLE II 
Variable | x | y Variable | x y 
N.G.C. 5024 N.G.C. 6864—Continued 
T Sani pantie +0’ BS Toke 5 Cr eeieaer ee —0'36"0 
Dean syeveunyeurine att Hy Ke JAhe) FEIN Se Li lige OPtates arene Oo 6.4 —I 21.0 
Oana —1 0.6 —2 18.0 Wea eiene —o 24.6 +1 18.0 
Be vcccerens 249-5 —2 36.6 Sinners nes —0 13.5 —O 41.4 
Btaiatenuterwcens —3 57.0 —418.0 Ped ih Gat tg +o 45.6 —o 24.0 
OnseeMcea +2 3.6 +0 13.5 TOR ee —0 43.5 +0 50.4 
is ones an +1 19.5 Sy th Besa iG Re +2 1.2 +1 24.0 
Sy aes +112.0 +10 ae eee eee +0 39.6 +115.0 
OSU se ar +r 7.5 —0 40.5 iene ee ot nee —0 53.4 —116.5 
TOW cieerves —218.6 +0 54.0 SWike Bowes —2 4.5 +0 51.0 
Tiron eon —2 23.4 —0 58.5 Fai SHO —019.5 aR Ee 
TOE eee _ +6 49.5 are. ok TO ake +1 50.4 —2 43.5 
Taint Rioetere ue a: —459.7 
TAtrircle nie 5 54. —3 27.0 
15 NA Aid cacti +4 oA +3 48.0 NGiCs 698s 
LO abs Hr ncieis pace eel Oa —3 22.5 : = 
T7 oe ts —3 34.5 +1 54.0 i ca oO dy es oe ri a , 
TS ins heeake —I 36.0 +o 12.6 re aaa 052.5 —0 58.5 
TQ MIVA: perches +2 45.6 —0 42.0 ie een —146.5 +0 37.5 
20) vie ees +3 8.4 —5 51.6 aL hee —0 38.4 a athe 
OTWentbsiate Nios +717.4 Ore. Pe sos wae) +1 iG +1 18.6 
BIS Noahs vials —0 53.4 —4 48.0 ee 6 3.6 +055.5 
Pe MG ictis IS. Ci +1 36.0 —I 29.7 Bat oe Set =6n6l6 +1 29.4 
Qarswaas +o 11.4 +0 50.4 
N.G.C. 6293 LOS sevstoaiets —o 48.6 —113.5 
Me sanociac 057.0 —o 36.6 
3 SC TI 21.0 +0 49.5 ORB bo am cas Eo 6 
Zevesecvers —215.6 TRE SANS recur cree +0 13.5 +017.4 
Beesevceeas +o 48.6 +o 18.6 TA Roscoe ees —013.5 +o 36 ° 
ES mresataetne —I 4.5 —0 21.0 
N.G.C. 6553 LO rater —O 4.5 —0O 10.5 
- ae meee +o ae —0 43.5 
cM coat +o 4.5 +o 0.3 EG lolatetciec: Se esses 
ae ee oe | +o 50.4 —o 1.2 || 19*...-.... +O 3.0 TI 52.5 
2O sis orezang ats —0o 54.6 +0 15.0 
2 rete ets —I 22.5 +0 12.6 
N.G.C. 6779 DO earn: —I 53.4 a : 5 
1 22 rete —I 39.0 156.4 
Tete cieiste rece +0 51.0 +115.6 OD Wes Rim Aree —o15.6 —0 24.0 
Paden Aue +0 21.0 +0 54.4 D5 as erie —213.5 +1 7.5 
BOT es nee +0 33.0 +2 4.5 20 arn vaee en —I 31.5 —0 45.0 
path a at al fe PE a en ee a a SBM cioicach- +3 290.4 oe 54.0 
23h —I 5.4 L210 
N,G.C. 6864 2OMecceirs Hs 36.0 O15 215 
Ron ete 145 ty —1I 
bees +0 15.6 —1I 23.4 BL aes +o at Neos 3 
Deak note —o 9.0 +o 54.0 SO i ieee —218.0 —0 42.0 
Sadao aae -++0 18.0 +1 25.5 33 nae +o 2.4 —I 0.6 
Ai Savitahy ar cnwwere —o 18.0 —1 24.6 Bainter —— OmOnO +0 7.5 


* Suspected. 


{ Found independently by Miss Davis, Publications of the Astronomical Society of the Paci 2 
210, 1917, where the position is referred to a different origin. ae eel 
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TABLE IIl—Continued 


Variable x | y Variable | x | y 
N.G.C. 7006 4 N.G.C, 7492 
Rime ees tots —o'22"5 | +0'36"6 hPa as See +o’ 172 +1'3676 
Pe are —0 37.5 —0 39.6 OR rors +1 12.0 —0 27.0 
Bree cdes +2 22.5 —O 7.5 
Pisa et se.s.5 +1 51.0 +0 4.5 
5 


i Be ics tnriae +1 21.0 —417.4 


These values of distance and apparent brightness permit the 
computation of the integrated absolute magnitudes presented in 
Table III. 

All but two clusters fall within the magnitude interval from 
—6.8 to —g.7, and more than half within the interval —8.3 to 
—g.3. This remarkable similarity in total light-emission again 


TABLE III 


ABSOLUTE MAGNITUDE FOR GLOBULAR CLUSTERS 


N.G.C. Abs. Mag. N.G.C. Abs. Mag. N.G.C. Abs. Mag. N.G.C. | Abs. Mag. 
I904.. —9.0 61255... |) =o. 5 6287....| ——9.0 O71 25. clon O 
4147.. —9Q.2 GI7I.<..| ——7.0 6293....| —8.6 6760....| — 8.1 
4590.. —7.8 ©2055. 5)) Oe 4: 0333 qa O07. 67790.. — 8.7 
5024.. —8.6 6218....]| —8.7 OSB orale On2 6864. . —10.3 
Pe ee —9.1 6229....); —9.6 O35O0se |r O.4 6934 — 8.6 
5466. —8.0 O22 eae) —o.5 04022044), 950 6981 ets 
5634. —7.7 6254....| —8.5 0020)7ne | eeeoe 4 7006. — 9.4 
5807. —5.7 6266....| —8.9 6037-555) 7.0 7078. — 9.6 
5904. —8.8 02722265] —=O-2 66560....) —8.4 7089. =" 0.2 
6093. —§.7 C284 ees O13 668r....| —6.8 7099. cae UY | 


calls attention to the possibility of using apparent brightness as a 
measure of distance. We have here, in fact, an independent 
method of determining relative parallaxes of clusters, for although 
the apparent magnitudes of Cepheids or of bright stars are indirectly 
involved in computing the absolute magnitudes of Table III, it 
should be specially noted that the adopted value of the distance 
of a cluster is not dependent on the apparent brightness of its 


t The possibility was first noted in Mt. Wilson Contr., No. 115, and discussed 
further in Mt. Wilson Contr., No. 161, section vi; Astrophysical Journal, 50, 107, 1919. 
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stars as a whole. The 25 brightest stars, for instance, contribute 
scarcely 2 per cent to the total light of a cluster. 

From Table III we may derive the following values of the 
mean absolute magnitudes and of the average deviation from 
the mean: 


Number Absolute Magnitude 


All'clustetsicacerciqe acisiee re ae 40 —8.59+0.63 


Ws KO; OOOOS! sale eineeee ais 19 —8.81+0.56 
TT 0 OOOOS asap ere ehn 21 —8.39+0.70 
North of declination —20°...... 23 —8.78+0.54 
MAG OOOOS slabs ava Wengels 12 —8.82+0.57 
We OF OOOOS tes oalerecaaiey sels II —8.74+0.51 


There is no indication that distant and nearby clusters differ 
in total luminosity. 

Since the magnitude estimates for clusters south of declination 
— 20° are probably of lower weight than for clusters observable at 
small distance from the zenith, the average visual absolute magni- 
tude of a globular cluster may be accepted as —8.8+0.5 until 
further observation justifies revision of the data for distance or 
apparent magnitude. 

By taking —8.8 as the mean value of the absolute visual mag- 
nitude, the distance of any globular cluster can be computed, from 
the apparent magnitude of the system as a whole, with an average 
probable error of less than 25 per cent. The relation connecting 
distance in parsecs, 7, with apparent visual magnitude, m, is 


log r=o0.2 (m+13.8). 


The total light-emission of an average globular cluster is, 
according to the foregoing result, 275,000 times that of the sun, 
and its energy of radiation is 10% ergs per second. 


Ill, ON THE DIMENSIONS AND STELLAR CONTENT OF N.G.C. 7789 


Although the northern cluster N.G.C. 7780, in galactic latitude 
— 6°, is well outside the region of the sky where globular clusters 
are found, its richness in faint stars suggests that it may be a type 
intermediate between the loosest of globular clusters and the most 
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populous of bright open systems. The hypothesis that these two 
main types represent different stages in the evolution of a stellar 
group makes the richest open systems of particular interest. 

An hour’s exposure on a fast plate with the 60-inch reflector 
demonstrates that N.G.C. 7789 is not globular, as it is not closely 
condensed toward the center, and the number of stars does not 
increase with decreasing brightness. The angular diameter is 
approximately 20’. Since the distance of the group has been 
estimated provisionally as 3300 parsecs,’ the linear diameter 
appears to be only 20 parsecs, possibly one-sixth the average 
value for globular clusters. 

On a series of five good photographs, all centered on the cluster, 
Miss Mayberry has counted the number of stars in a region 22’ by 
28’. The exposure times range from one minute to one hour, and 
the total number of images counted is 13,500. An analysis of the 
star counts, which were recorded for every fourth of a square 
minute of arc on all plates, yields the following results for the whole 
region: 


Photographic Magnitude 


interval <16 16-17 17-18 18-19 I9-20 Total 

Number of cluster stars... 347 210 155 266 126 I104 

Number of field stars..... 592 256 666 1178 1475 4167 
RRO a iene trian °.59 0.82 0.23 Ones OsO0 4 -|-ateton 


While qualitatively dependable, high weight should not be 
given to the numerical values in this tabulation, because of diffi- 
culty in allowing for the photometric effect of distance from the 
center in the case of clusters of large angular diameter, and because 
of uncertainty in the magnitude limits. Apparently the cluster 
stars lie mainly between magnitudes 15 and 1g. ‘The brightest are 
of photographic magnitude 13, corresponding at the distance given 
above to the absolute magnitude +0.5. 

IV. NOTE ON THE PERIOD-LUMINOSITY CURVE OF 
CEPHEID VARIATION 

The total content of heat in a gaseous mass may be expressed 

as the sum of the kinetic energy of translation of the molecules (or 


1 Mt. Wilson Communication, No. 62; Proceedings of the National Academy of 


Sciences, 5, 344, 1919. 
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particles of the gas), and the energy within the molecules. If the 
mass is a typical giant star, therefore, in a steady state, the total 
heat, H, is necessarily proportional to the gravitational potential; 
that is, 


where p is the mass and R the radius. The factor of proportionality 
involves the ratio of the specific heats which conceivably may vary 
with mass or linear dimensions, but as all the possible values for a 
gaseous star lie between 4/3 and 5/3, this ratio will be treated 
below asa constant. The average heat-content per unit of mass is 


ses Bh rsh 
Let us suppose that C has the same constant value for all 
Cepheid variables and check this supposition against observation. 
Then since 1=47R%p/3, where p is the mean density, we have, 
upon substitution for R in (1), 


py?=a constant; (1’) 


and since in a gaseous star the period, P, of a gravitational pulsa- 
tion is inversely proportional to the square root of the mean 
density," 


es 
pe constant. (2) 


The relation of the masses of two gaseous giant stars to the 
difference in their absolute (bolometric) magnitude, M, may be 
written (from Eddington’s theory)? 

ux(1—B;) 


M,—M,=2.5 log, —— , 
25 ober op (3) 


‘In his mathematical discussion of the Cepheid problem, Eddington deduced 
Ppf(y)=a constant, where the function of the ratio of specific heats, ~, changes 
slightly with the mass because of changes in the elastic constants. 


2 Astrophysical Journal, 48, 205, 1918; cf. also Jeans, Problems of Cosmogony and 
Stellar Dynamics, Cambridge, England (1919), chap. viii. 
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where #8, the ratio of the force of the ordinary gas pressure to 
gravitation, is given by 
Wis 


B4 


Laeer mAy?. (4) 
The unit of u is the solar mass; and m, the average “molecular” 
weight, is expressed in terms of the hydrogen atom. 

By adopting from data of observation the following values as 
defining a typical Cepheid variable 


1=—2.2 
Mi=4.0 (5) 
P,=5.4 days 
we have 
log P=logi u+o.13. (2’) 


Taking m=2, 2.5, 3, and 4, I have used the preceding equations 
to compute pu, M, and the logarithm of P for selected intervals of £. 
The results are given in Table IV for m=2.5, in which case 


=—1.90—2.5 logy. u(1—B). (3’) 


Figure 1 compares the theoretical period-luminosity curve, com- 
puted on this assumption of an average heat-content, with all the 
available observations. Each plotted point represents the observed 
period and visual brightness of a Cepheid variable, the data being 
taken without change from my derivation of the period-luminosity 
curve in Mount Wilson Contr., No. 151. The visual magnitude of 
the two brightest stars plotted should be decreased by 0.4 mag., 
according to a more recent examination of the color-period relation 
for Cepheids, thus bringing those two points in close agreement 
with the curve. Open circles indicate determinations of low 
weight. 

For Cepheids with periods of less than three days the theo- 
retical curve no longer fits the observations. This is to be expected, 
for the central density in such stars is commonly believed to be too 
great for further comparison with a gas. It has already been 
found that the cluster-type variables have anomalous physical 
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properties, in that stars of the same absolute magnitude and color 
differ in length of period by three to one." 

The observations are not so well represented by the theoretical 
period-luminosity curve when the average molecular weight is 
taken as 2 or 4; but with m=3 it is possible to represent the 
observed values nearly as well as with m=2.5, provided small 


+2.0 +1.5 +1.0 +0.5 


Fic. 1.—Period-luminosity curve. Ordinates are absolute visual magnitudes; 
abscissae are logarithms of the period. 


alterations of the adopted quantities (5) are introduced. The 
value of m adopted by Eddington for theoretical work is 2.8. In 
an unpublished investigation Russell uses a value very slightly 
smaller. Jeans, Eddington, Lindemann, and others have noted 
that m must be of the order of magnitude here used on account of 
the necessarily high degree of ionization that is believed to prevail 
at stellar temperatures. 


* Mt. Wilson Contr., No. 154, 1917; Astrophysical Journal, 49, 24, IQIQ. 
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Accepting, therefore, the radiative theory of giant stars and a 
most probable value of the average molecular weight, we conclude 
from the foregoing discussion that for all typical Cepheid variables 
u/R has practically the same value;t and we may reasonably infer 
that this condition of defifite average heat content and correspond- 
ing critical central temperature is associated with the origin, and 
particularly with the persistence, of the pulsations that are believed 
to underlie the spectral, light, and velocity variations. 


TABLE IV 


A THEORETICAL PERIOD-LUMINOSITY CURVE 


8 BK M log P 
OP enerenteeros 70 —6.27 1.97 
Sia os erases 29 —5.17 1.59 
DLA. ss iene sick 15 —4.28 teow 
Oona 9 —3.53 1.08 
GUO. teh ete e 525. —2.70 0.87 
rosy See on tee 4.0 —2.20 Ons 
Gs mega stesiers BS —1.05 0.67 
OED Seulsrish oes 2.2 —1.01 0.47 


The duration of Cepheid variation is much the same problem 
as the duration of the giant stages of all gaseous stars. Both 
problems involve principles of radiation or sources of energy 
beyond those currently accepted. Russell has made the interest- 
ing suggestion that the maintenance of the pulsations may be 
ascribed to the pulsatory supply of heat from some undescribed 
internal source at times of greatest contraction.2, Without some 
such supplementary means of sustenance it appears improbable 
that the pulsations could long continue. It seems likely, therefore, 
that only those pulsatory disturbances, starting with the critical 
p/R (and the resulting condition of internal temperature) that is 
favorable for drawing on the supplementary sources, would suf- 
ficiently develop and persist to result in typical stellar variation. 


t Eddington’s observation (Monthly Notices, 77, 2, 1918), that for galactic Cepheids 
the central temperature divided by @ is essentially constant, is equivalent to this 
result, for on his theory of radiative equilibrium the central temperature is propor- 
tional to uy? p? B; cf. equation (1’) above. 

2 Publications of the Astronomical Society of the Pacific, 31, 205, 1919. 
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Vv. NOTE ON THE DISTANT CLUSTER N.G.C. 7006 


Observations of the extremely distant globular cluster N.G.C. 
7006 have been discussed in preceding papers of this series.‘ In 
addition to the extremely small parallax, the study thus far has 
given results that bear on the scattering of light in space, on the 
comparability of near and distant clusters, and on the speed of 
evolution of giant stars. 

A photograph made with the 60-inch reflector in July, 1918, by 
Professor J. C. Duncan, affords additional data of interest in the 
comparison with the brighter systems. The exposure of 95 
minutes on a Seed 27 plate shows the cluster as a typical system, 
differing very little in general appearance from Messier 15. A 
study of the photograph yields the following results: 

1. The brightest ten stars of the cluster are photographically 
somewhat fainter than the seventeenth magnitude. The faintest 
on the plate are of the twentieth magnitude, corresponding, at the 
adopted distance of 67,000 parsecs, to the absolute photographic 
magnitude +1 and to a luminosity one hundred times as great as 
that of the sun. 

2. In the field of the cluster the foreground density averages 
6.4 stars per square minute; that is, to the twentieth photographic 
magnitude there are in this part of the sky about 23,000 stars in a 
square degree. The galactic longitude and latitude are 32° and 
—20°. Seven faint nebulae, apparently spirals, are on this plate 
within ten minutes of arc of the center. 

3. Two counts with a superposed réseau give a mean of 505 
cluster stars, 200 of which are brighter than magnitude 18.5. 
The numbers agree very closely with the numbers of stars in 
Messier 3 and Messier 13 for the corresponding intervals of abso- 
lute magnitude, thus emphasizing further the similarity of near 
and distant globular clusters. 

4. The cluster appears to be slightly elliptical. Eight inde- 
pendent estimates give values of the position angle of the major 
axis ranging from go° to 135°, with a mean of 115°. The star 
counts, grouped in quadrants, afford a rough verification. On the 


* Mt. Wilson Conir., No. 152, p. 14, n. 1; Astrophysical Journal, 48, 154, 1918: 
No. 156, pp. 1-6; Astrophysical Journal, 49, 249, 1919. 
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Franklin-Adams chart the cluster appears as a diffuse star image 
and no elongation can be detected. New measures of the diameter 
on the chart give 46’, in nearly exact agreement with earlier 
determinations. A distinct (but probably chance) spiral structure 
can be traced on the platés of shorter exposure; it is absent, how- 
ever, from this new plate, which brings out the fainter stars. 

5. The angular diameter of the cluster on the Mount Wilson 
photograph is approximately four minutes of arc, corresponding to 
a linear diameter of 80 parsecs. Extension to still fainter magni- 
tudes would probably give a slightly larger diameter. 


Mount WItson OBSERVATORY 
May 1920 
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THE SURFACE BRIGHTNESS OF THE GALACTIC SYSTEM 
AS SEEN FROM A DISTANT EXTERNAL POINT AND 
A COMPARISON WITH SPIRAL NEBULAE 


By FREDERICK H. SEARES 
ABSTRACT 


Comparison of the galactic system with spiral nebulae as to surface brightness.— 
The results recently obtained by Kapteyn and van Rhijn for the distribution of stars 
of various magnitudes in our Galaxy have enabled the author to determine the surface- 
brightness of the galactic system, as viewed from a distant point in the direction of 
the galactic pole, for various distances from thecenter. The brightness of the central 
part is found to correspond to visual magnitude 23 per square second of arc, whereas 
probably all known spiral nebulae are brighter than this; in fact, many nebulae, 
ncluding such well-known ones as that in Andromeda, are more than one hundred 
times as bright. This result indicates that spirals differ from the galactic system 
by being nebulous, or that they must be much larger or composed of more stars or 
of brighter stars. Our Galaxy is therefore far from being a typical spiral. Viewed 
edge on, the brightness of the Galaxy would be magnitude 21.2 per square second. 
These results are checked by comparison with the total amount of starlight in the 
direction of the pole and the Galaxy as computed from star counts. 

Brightness of nebulous areas may be determined photographically by comparing 
the times of exposure necessary for barely perceptible images, with the exposure 
necessary to secure a trace of a large extra-focal image of a star of known magnitude. 
The constants for use with the 60-inch were determined in this way. Since in the 
case of extended nebulae, atmospheric disturbances and intermittency losses do not 
interfere with the continuity of exposure, images were obtained for a given magnitude 
per square second in the time required for images of stars about three magnitudes 
brighter. 


In view of current discussion of the relation of spiral nebulae 
to the galactic system, it is of interest to compare the surface 
brightness of the spirals with that of our system as it would appear 
from a distant external point. This can be done with the aid of 
results recently obtained by Kapteyn and van Rhijn in an 
investigation of the density and luminosity laws." The brightness 
at the center of figure of the system as seen in projection from the 
outside can also be computed from the numbers of stars in the 
successive intervals of apparent magnitude; but to determine 
the brightness at other points, the distribution of the stars in space 


I Mt. Wilson Contr., No. 188; Astrophysical Journal, 52, 23, 1920. 
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must be known, and this requires a knowledge of the laws of 
density and luminosity. 

The density law gives the total number of stars per unit volume 
of space at various distances from the center of the system; the 
luminosity law specifies the number of stars of each unit of intrinsic 
brightness (absolute magnitude) in a unit volume of unit density. 
It is assumed that the relative frequencies of the absolute magni- 
tudes are the same at all distances. For a constant volume, the 
total number of stars of each absolute magnitude therefore de- 
creases, with increasing distance, in accordance with the density law. 

In the form used here, these laws are a second approximation, 
based upon the data now available. Like the first, published by 
Kapteyn some years ago, they are mean results for all spectral 
types. Although still provisional, their precision is ample for the 
question considered. 


I, INTEGRATION OF THE DENSITY-FUNCTION 


Assuming the system to be a figure of revolution, symmetrical 
with respect to the galactic plane and with the sun at the center, 
Kapteyn and van Rhijn find for latitudes 0°, 30°, 60°, and go® the 
stellar densities and corresponding distances given in Table I. 
The last column shows that in the direction of the pole the number 
of stars falls off rapidly, and at 1230 parsecs is only 0.01 that at 
the center of the system. In the plane of the Galaxy, on the 
other hand, a density of o.o1 occurs at a distance of nearly gooo 
parsecs. The difference in these distances exhibits the well- 
known concentration of the stars toward the galactic plane. The 
authors estimate that the quantities in Table I are a very good 
approximation to distances of 1500 parsecs. In the direction of 
the pole this is practically the limit of the system, and it is clear 
that the light of the stars in the higher latitudes which are beyond 
this limit cannot be any important fraction of the whole. 

Because of this circumstance, the external point from which 
the system is supposed to be observed is chosen in the direction 
of the galactic pole. Thus viewed, the system would be at least 
approximately circular in outline; and, if the point of observation 
were very distant, the stars would be unresolved and appear as a 
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luminous surface. It is the brightness of this surface that we wish 
to determine. 

The numbers in Table I lead to the total density, D, in a direc- 
tion perpendicular to the galactic plane at any distance from the 
center, while the luminosity law gives the total amount of light, /, 
in a volume of unit density. The combination of these results 
gives the quantity of light radiated from any point on the pro- 
jected system in the direction of the distant external point. 

As a preliminary, we must derive values of the density at inter- 
vals along the line of sight, i.e., along perpendiculars to the galactic 
plane, at various distances from the center. For the center of 


TABLE I 


STELLAR DENSITY AND DISTANCE FROM CENTER OF 
GALACTIC SySTEM 


Galactic Latitude 
Density 
°° 30° 60° 90° 
TEOO paevesrciee ° ° ° ° 
On AG retest piers ake gio 320 250 250 
OnlOee ne see I950* 710 490 450 
QOS net sas oe 3550 1320 800 660 
OQuOZ 5 scandens 5750 2140 I200 gio 
OnOLO\ctstera cet 8910 3310 1700 1230 
Or O04O. Se tic scs I3200 4900 2340 1580 
OVOOLO <tc as.te oe IQIoo 7080 3090 2000 


* The value by Kapteyn and van Rhijn, loc. cit., Table VII, is 
1450. Their results, however, are interpolated from Table VI of their 
article, which seems to require 1950, the distance used in the present 
discussion. 


figure itself, the last column of Table I gives directly the required 
data. Selecting other points at the distances indicated in the 
heading of Table II, we find by graphical interpolation from the 
data of Table I the quantities in the body of Table II. Numbers 
in parentheses are densities in the galactic plane at distances from 
the center indicated in the heading. The other numbers are the 
distances from the plane, along the respective perpendiculars, at 
which occur the densities shown in the first column. Thus, at a 
point 400 parsecs from the center, the density in the plane is 
0.78; and 4oo parsecs perpendicularly above (and below) this 
point the density is 0.16. 
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To determine the total density D in the line of sight, consider 
a volume of square cross-section, 1 parsec X 1 parsec, extending 
from the center of the system to the distant point. From a plot 
of the numbers in the first two columns of Table IT‘ it appears that 
for the first 100 parsecs from the plane the mean density is 0.87; 
for the second roo parsecs it is 0.60; for the third, 0.41; etc. 
Hence the total density (multiplying by 2 to include stars on both 
sides of the plane) is 


D=200(0:87--0.004-0.41-4-0.274-44 5). )=527. 


The volume in question is therefore the equivalent of 527 cubic 
parsecs of unit density. The values of D for the remaining points 
were found in a similar manner; the results are in the lower part 
of Table IT. 


Il. TOTAL LIGHT PER CUBIC PARSEC 


If now / be the quantity of light, referred to a unit distance of 
one parsec, received by the observer from all the stars in a cubic 
parsec of unit density, the total light from one square parsec of the 
surface of the system seen in projection will be 


L=Di. (z) 


Since LZ is referred to unit distance, its equivalent absolute 


magnitude is 
M=-—2.5 log L=—2.5 log Di. (2) 


We may calculate / approximately by reading from the 
luminosity-curve of Kapteyn and van Rhijn? the data in the 
second column of Table III, namely, the numbers of stars of each 
unit interval of absolute magnitude, M, in a volume of 1000 cubic 
parsecs of unit density. These numbers. must be multiplied by 
the corresponding relative luminosities and summed. 

Let the light of a star for which M=o bel,; that for M=—1 
will then be 2.512/,; for M= —2, (2.512)?J., etc. The logarithms 


* Supplemented by a few values interpolated from Table VI of the investigation 
by Kapteyn and van Rhijn, Mt. Wilson Contr., No. 188. 
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of the coefficients of J, for the successive values of M are in the 
third column of Table III. Adding these to the quantities in the 
second column, we obtain the logarithms of the total light for 
each M, expressed in /, as a unit. The numbers themselves are 
in the last column. The total for all the stars is 55.5 /,; hence 
for 1 cubic parsec 1=0.0555 Jp. 


TABLE III 


LuMINOSITY-CURVE AND ToTAL LIGHT PER 1000 CuBIC ParRsEcS OF UNiIt DENSITY 


Logarithm No, Logarithm Logarithm Total Total Light 
* 5 
M Ghia shine aye Light Each M@ Each M 
ST Titehetenheder etal tatere 4.4—10 4.4 8.8—10 Out 
T Oe cgentaet ke rae ieee) 4.0 9.3 Oaz 
Oe atuie tesserae 6.2 3.6 9.8—I0 0.6 
Siistarstech odepauscerane 7.0 abe O22 10 
Wn Movdanmuetstatehe TY 2.8 0.5 2.2 
Osecchaeietaieste ie 8.3 2.4 On7 5.0 
Satya at averas als 8.8 2.0 0.8 6.3 
AE RA aera role On3 LO 0.9 Tht) 
UP tet epinsy 9.7—I10 Td °.9 70 
Bites OR Aenea to ane O.1 0.8 °.9 7.9 
eat BE na Gee eee eras 0.4 0.4 0.8 6.3 
Oni ee eee 0.6 0.0 0.6 4.0 
Spine ba ear ae rte ee 0.8 9.6—10 0.4 Pais 
2S ovarian it wees 0.9 9.2 o.1 t23 
ining Bera cere 0.9 8.8 0-7—10 0.5 
Asia coe reveie clan 0.8 8.4 9.2 O.2 
Sire Saints earns 0.6 8.0—10 8.6—I0 0.0 


4 
fo} 
co 
es 
on 
a 
na 


* Unit of distance for M is 1 parsec. 


The value of / can be more precisely obtained as follows: The 
luminosity law is very accurately expressed by 


gcatym Berri 
if (3) 
A=0.0451, M,=+2.693, h=o.2218 


where ¢(M) =number of stars of absolute magnitude M per cubic 
parsec of unit density. If ly be the light of a star of magnitude 
M, then 

Jug 


log 5 =—0.4M, ly=le-°-9211¥, 
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The total light of the stars in a cubic parsec of unit density is 
therefore 


+o I -++00 
l= if $(M)lydM = Al,—= | e~# (0f-Ma)>+11.60. Mg, 


—o 4 Voor tenes 


which reduces to 


a ey 
l= A'l,——= | e~*-Mirgyy 
ae (4) 


A’=0.0545, Mj=—3.11, h=0.2818, 


The integral is that of the ordinary error curve. With the 
coefticient /V 7 its value is unity; hence 


1=0.0545 1, (5) 


in substantial agreement with the previous result. We adopt the 
value (5). 

It will be noted that the number of stars for a given M is a 
maximum for M@=M,=2.69 (equation 3), while the maximum 
amount of light radiated by the stars of a given M is that cor- 
responding to M=M(¢=—3.11 (equation 4). The latter result is 
checked, roughly at least, by the numbers in the last column of 
Table II, which indicate a maximum for M=—3. The integration 
of (3) between —o and +o with respect to M gives the result 
of Kapteyn and van Rhijn for the total number of stars of all 
magnitudes in a cubic parsec of unit density, namely, A =0.0451. 


III. SURFACE BRIGHTNESS OF GALACTIC SYSTEM. 
CONTROL OF RESULTS 
From (5) it follows that 
l=light of one star of absolute magnitude + 3.16. 
Equation (2) for the equivalent absolute magnitude of the light 


from one square parsec of the surface of the galactic system thus 


becomes 
M=3.16—2.5 log D, (6) 


from which we find the values of M at the bottom of Table IT. 
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For comparisons with spiral nebulae we need the apparent 
brightness of an area of known angular dimensions. Since we 
are dealing with a luminous surface, this is independent of the 
distance, for if the distance be doubled, the surface, and hence 
the amount of light, will be quadrupled; but the increase in light 
will be exactly compensated by the increase in distance, so that 
the amount received by the observer remains constant. 


fe} 1000 2000 3000 4000 5000 


Fic. 1.—Surface brightness of the galactic system as seen from a distant external 
point in the direction of the galactic pole. Abscissae are distances in parsecs from 
the center of the system seen in projection; ordinates are the equivalent apparent 
magnitudes of the light received from an angular area of 1 square second of arc. 


As the unit of angular area, we adopt one square second of arc. 
The required equivalent apparent magnitude is then 


m=M-+-5 log 206265, (7) 


where M is the absolute magnitude of the light from one square 
parsec. The resulting values of m for various distances from the 
center of the projected system are given in the last line of Table II, 
and are illustrated in Figure r.. 

Assuming the validity of the hypotheses upon which the den- 
sity and luminosity laws are based—absence of absorption and 
invariancy of the luminosity law with distance—we may accept 
these results as reliable to distances of 2000 parsecs or so. Beyond 
this limit they may require some revision; but in any event it 
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seems clear that the magnitude curve is singularly flat, for in a 
radial distance of 2000 parsecs the decrease in surface brightness 
is only slightly in excess of a magnitude. This emphasizes anew 
the significance of the galactic plane as a structural feature of the 
system. 7 

As a control upon these results, we may use the alternative 
method of procedure suggested in the opening paragraph. The 
surface brightness at the center of the galactic system as seen from 
an external point bears a simple relation to the quantity of star- 
light received by an observer on the earth, and this can easily be 


\ 
\ 
® 
\ 
\ 


Fic. 2 


calculated from the known numbers of stars in successive intervals 
of apparent magnitude. 

Let GG’ (Fig. 2) represent a small portion of the plane of the 
galaxy, O the center of the system, and OO’ the direction of its 
pole. The distance, p’, of the external observer at O’ is assumed 
to be large as compared with the dimensions of the system whose 
limit is at VN’. 

The light received by O’ from the circular area WN’ is that of 
all the stars in the cylinder NPP’N’. If the area of NN’ be one 
square parsec, its equivalent magnitudes will be 


M=2.5 logiD; m=M-+5 log p’, (8) 
in which p’ is the distance of O’ in parsecs. 
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An observer at O, on the other hand, receives from an area of 
the sky defined by the solid angle w the quantity of light, L’, con- 
tributed by the stars in the cone NON’. To determine the rela- 
tion of M and m to M’ and m’, the equivalent magnitudes of L’, 
consider the thin shell S intercepted by the cone NON’. The 


volume of S is 
dV =wp'dp, 


p being the radius. If A(p) represent the stellar density at the 
distance p, the number of units of standard density in S will be 


A(p)dV =wA(p)p*dp. 


Since the light from all the stars in a cubic parsec of unit density, 
referred to unit distance, is /, the light at O from S is 


AL!=“A(p)dV = al (pd. (0) 
This is independent of p, differences in distance being compen- 
sated by corresponding changes in the volume of the shell. 

Thus a shell equal to and occupying the position of NN’, and 
having the same density as S, will contribute the same amount of 
light as S. But since we are dealing with small values of w, the 
shell S’S’’ intercepted by the cylinder is sensibly equal to the 
shell NN’. Consequently the observer receives from S, the sec- 
tion intercepted by the cone, the same amount of light as he would 
receive from S’S”’ if it occupied the position NN’. The total 
light at O from all the stars in the cone VON’ is therefore the same 
as would be received from all the stars in the half-cylinder NM M’N’ 
if they were removed to the limit of the system NWN’ at the dis- 
tance R. 

The equivalent absolute magnitude of L’ must therefore equal 
that of L/2, L, as before, being the light received at O’ from the 
entire cylinder VPP’N’, reduced to unit distance. For a constant 
angular area a similar relation holds for the apparent magnitudes 
mand m’. The percentage error in these relations is of the order 


of sin? ; , where a is the angular aperture of the cone NON’, and is 
altogether negligible. 
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This result may be verified by integrating (9) to the limit of 
the system, p=R, whence 


R 
= al { aXovdo (10) 


The value of the integral, with the approximation indicated above, 
is D/2, where D is the density integral already evaluated; and 
w=A/R?, where A =1 square parsec. Hence 


mo= —2.5 log L’=—2.5 loglID+0.75+5 log R, 


which is the equivalent apparent magnitude of the light in the 
cone referred to the distance R. We have, therefore, 


M'=—2.5 loglD+o0.75 
(11) 


m' = M'+-5 log p’ 


in which the apparent magnitude has now been referred to the 
same distance as that occurring in (8). From (8) and (11), 


M’=M-+0.75, m’=m-+0.75. (12) 


These relations hold for any direction in space, but it is pre- 
supposed that the line of sight passes through the center of the 
system. For galactic latitude 90°, the first column of Table II 
gives 1%=22.93. This quantity and the value of m’ derived 
from star counts at the galactic pole should satisfy the second 
relation. 

The remaining values of m in Table II cannot be tested directly, 
but a strong presumption in favor of their reliability would be 
established should we find relation (12) also to be satisfied for lati- 
tude o°. The density integral gives for the galactic plane D= 2556; 
the corresponding m is 21.22. From the density and luminosity 
laws we therefore find for a unit area of one square second, 
Mo = 21.97 and Mg = 23.68. 

The most reliable star counts at present available are those of 
Kapteyn, reduced to the normal visual scale by van Rhijn.t From 


t Groningen Publication, No. 27, Table V, p. 63, 1917. 
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these data we derive for latitudes 0° and go° the numbers of stars 
for each interval of magnitude, multiply the results by the cor- 
responding relative luminosities, and form the total in the manner 
followed in the case of the luminosity curve (Table III). The 
tables of van Rhijn extend only to m=16; but, since the fainter 
stars contribute only a small percentage of the total light received, 
it is possible to extrapolate the results to m=19 without intro- 
ducing any serious error. The equivalent magnitudes for one 
square degree are thus found to be 


m,=4.20 Myo= 5.98. (73) 


Using a different method of integration, van Rhijn finds 4.15 and 
6.00, respectively.* 

Reducing (13) to unit area and comparing with the results 
from the density and luminosity laws, we find the equivalent 
apparent visual magnitudes of starlight for an area of one square 
second of arc: 


Lat. 0° Lat. 90° 
From density and luminosity laws........... 21.07 23.68 
Erom-starcountsser..) seen iene eae 21.98 23.76 (14) 
IDitterence sear en Aux ae psn wane CI Pie —=O-OL —0.08 


Considering the uncertainties involved in the various numerical 
integrations, the agreement is excellent. It not only checks the 
calculations, in particular the results in Table II, but also shows 
that the revised density and luminosity laws found by Kapteyn 
and van Rhijn are in very good agreement with the best data 
now available. 


IV. LIMITING MAGNITUDE OF INSTRUMENT FOR LUMINOUS SURFACES 


We must now find values of the surface brightness for repre- 
sentatives of the spiral nebulae. A precise photometric determina+ 
tion is beset with troublesome difficulties; but approximations 
sufficient for the purpose can easily be obtained by noting the 
exposure time necessary to produce the first traces of a photo- 
graphic image. We must know first, however, the limiting magni- 
tude attainable in a given exposure with the instrument used. 


* Mt. Wilson Contr., No. 173, Table XI; Astrophysical Journal, 50, 373, IQIQ. 
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For Seed 30 plates and an exposure of one minute with the 
60-inch reflector, the limit for stars is from the fifteenth to the 
sixteenth magnitude, depending on the seeing. Results for point 
sources, however, cannot be used in the present instance without 
additional information ‘vhich is not easily obtained. The limit 
has therefore been determined with the aid of luminous surfaces 
of known brightness, using for the purpose extra-focal images, 
from 2 to 6 mm in diameter, of stars of well-determined magnitude. 
The influence of seeing is then negligible, and the loss in photo- 
graphic effect due to intermittent exposure, which always enters 
in the case of focal images, is avoided altogether, inasmuch as the 
sensitive film, except at the edge of the image, is constantly illumi- 
nated. On the other hand, there is possibly some disturbance 
arising from the phenomenon noted by Eberhard;! but for the 
very small photographic densities with which we are here con- 
cerned, the effect seems to be unimportant. 

From several determinations made with plates of the emulsion 
used in deriving the limiting exposure for most of the nebulae we 
have: 


Equivalent photographic magnitude of one square second 
of a luminous surface just shown by an exposure of one 
minute with the 60-inch reflector=18.8+0.3 (focal (x5) 
ratio 1:5). 


Neglecting differences in the absorption losses, this result 
applies to any telescope whose focal ratio is 1:5. Independent 
evidence that it is of the right order of magnitude will be given later. 

Under good atmospheric conditions the difference in the limits. 
for a point source and for a luminous surface of the area considered 
is therefore about three magnitudes. The value for surfaces is 
unexpectedly low and suggests that the intermittency loss is a 
factor of importance in determining the limiting magnitude for 
focal images of stars. 

In the case of focal exposures to point sources, the optical image 
is much smaller than the photographic image, the diameter of the 
first dark ring of the diffraction pattern for the 60-inch reflector 


t Physikalische Zeitschrift, 13, 288, 1912. 
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being o”14. Owing to atmospheric disturbances, the optical 
image does not remain fixed in position, but oscillates rapidly, 
the amplitude of its excursions varying with the degree of the dis- 
turbance, so that no point within the boundary of the resulting 
photographic image is constantly illuminated. Suppose, for ex- 
ample, the area covered by the excursions to be 2’’ in diameter 
—with good seeing, it is even smaller. If the light of a star of 
magnitude 15.8 were distributed uniformly over such an area, its 
equivalent magnitude per square second of arc would be 17.0, 
which is the mean brightness necessary to produce an appreciable 
photographic effect in one minute under the conditions of inter- 
mittent expagsure. This is nearly two magnitudes above the limit 
corresponding to continuous exposure. 

The difference, for the greater part, is apparently to be ascribed 
to intermittency loss. A subjective factor may also affect the 
result, for it is probable that smaller densities can be detected 
when the deposit covers several millimeters than when it is only 
©.I mm in diameter; this, however, will not affect the comparisons 
with nebulae whose images are large enough to be comparable 
with the extra-focal images of stars. In the case of very small 
nebulae, or of minute details in the larger objects, it may enter to 
some degree; and here, too, there may be an approach to the con- 
ditions that determine the limit for focal images of stars. Very 
small objects, therefore, may be somewhat brighter than the com- 
parison with the limiting magnitude of luminous surfaces would 
indicate. Allowance for such an error would only strengthen 
the conclusion which is to be derived from the comparison of the 
surface brightness of nebulae with that of the galactic system. 


V. SURFACE BRIGHTNESS OF CERTAIN SPIRAL NEBULAE 


No great amount of data for the spirals is available at present, 
but an examination of a few plates of short exposure for such 
well-known objects as the Andromeda Nebula, N.G.C. 3254, 4254 
(M 99), 4565, 4594, 4736, 4826 (M 64), and 5194 (M 51) leads to 
the conclusion that the surface brightness of the extended nebu- 
losity near the nucleus is between the eighteenth and nineteenth 
photographic magnitudes. The details are as follows: 
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The Andromeda nebula.—From a 15° exposure the sharply 
defined but irregular nucleus is estimated to be of the eleventh 
magnitude. This exposure shows distinct traces of attendant 
nebulosity. An exposure of 2™ reveals nebulosity covering an 
area about 2’ in diameter* 

N.G.C. 3254.—The nucleus, which is very diffuse, is discernible 
on a plate of 30° exposure, and in 1™ is well shown, with attendant 
nebulosity. The inclination of the plane to the line of sight is 
probably ro° or 15°. 

N.G.C. 4254 (M99)—The diffuse nucleus appears in 30%. 
The nebulous mass 2’ Nf is well shown in 1™; also one or two 
nebulous spots closer in. In 2™ the whorls are beginning to be 
outlined. 

N.G.C. 4565 (H V 24)—The very diffuse nucleus is clearly 
shownini™. An exposure of 2™ extends the nebulosity to a distance 
of 30”. The nebula is seen edge-on. 

N.G.C. 4594.—Also seen edge-on. The very diffuse nucleus is 
too bright on a plate of 1™ exposure for an estimate of its magni- 
tude. This exposure shows nebulosity on both sides of the ‘‘absorp- 
tion”’ band, extending, on the brighter side, to a distance of nearly 
2’ from the nucleus. 

N.G.C. 4736.—From a 5™ exposure it is evident that 1™ would 
show nebulosity near the nucleus. 

N.G.C. 4826 (M 64).—An exposure of 16° shows the nucleus as 
a nebulous star; 32% reveals nebulosity covering an area 10” in 
diameter. The ring 0’9X1‘5 is easily traced on a plate of 648 
exposure. 

N.G.C. 5194 (M 51r).—Five minutes is sufficient to outline the 
arms throughout their length. The central part and the nebulous 
mass Sp are surprisingly strong. An exposure of 1™ would cer- 
tainly show the brighter portions of the nebula. 

These nebulae are among the largest and brightest of the spirals; 
but there are many others whose brighter parts seem to be compar- 
able with those mentioned. Thus the photographs by Curtis, Pub- 
lications of the Lick Observatory, 13, Plates IV, V, and VI, especially 
Figures 38-69, suggest a striking similarity in the brightness of the 
more conspicuous portions of these objects. ‘The reproductions are 
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from exposures ranging from approximately 1 to 3%. N.G.C. 
4826, mentioned above, is among them (Fig. 54); and, aside from 
difference in size, is no more conspicuous than many of the others. 
The very small nebulae found in such numbers in the high galactic 
latitudes are doubtless fainter than the limit given above, although 
the difference is probably less than would be inferred from the 
long exposures necessary to record them; for many of them are so 
small that they must be compared with stars rather than with 
surfaces of appreciable extent. 

Bearing in mind that the color-index of the central part of a 
spiral is of the order of 0.8 magnitude, it thus appears that the 
light of the brightest of these objects corresponds to an equivalent 
visual magnitude of from 17 to 18 per square second of arc; and 
that many of them are.certainly brighter than the nineteenth 
visual magnitude. 


VI. GENERAL REMARKS. CONTROL OF LIMITING MAGNITUDE FOR 
SURFACES 


Certain questions are immediately raised by the values of the 
surface brightness given above, both for the spirals and for the 
galactic system. Thus for the Andromeda nebula we find a mag- 
nitude of 18, photographic, or possibly 17.5, visual, at a distance 
of 1’ from the nucleus; and yet the object is easily visible to the 
unaided eye. The two results are not inconsistent, for it should 
be remembered that the value of the surface brightness refers to 
an area of 1 square second of arc. 

The resolution limit of the eye may be placed at 2’, which 
implies that the retinal image of a star has an effective angular 
diameter of this amount. Further, so far as the visual sensation 
is concerned, the result seems to be much the same whether the 
light of the source is concentrated in a point or whether it is dis- 
tributed uniformly over a disk 2’ in diameter. Referred to this 
unit of area, the equivalent visual magnitude of the central part 
of the Andromeda nebula is about 7.0. An adjacent zone 2’ or 3’ 
in width is not greatly inferior in brightness to the nebulosity near 
the nucleus, and, remembering the influence of the size of an object 
upon its visibility, it appears that the observed surface brightness 
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is quite compatible with the fact that the nebula is readily seen 
with the unaided eye. 

Again, we easily see the star clouds of the Milky Way, a cir- 
cumstance that at first seems irreconcilable with the results given 
in (14) for the equivalent brightness of star-light in galactic lati- 
tude o°. Referred to an area 2’ in diameter this value becomes 
Mm =12. In other words, twelfth-magnitude stars distributed 
uniformly, at intervals of 2’, would appear as a luminous surface 
of approximately the same brightness as the average star-light in 
the Milky Way. The extent of the surface is here the determining 
factor. An isolated area 2’ in diameter of the brightness of the 
Milky Way could not be differentiated from the background of the 
sky, although a larger area of the same brightness would be visible. 
For stimuli near the threshold of visual sensation, the total energy 
of the stimulus is more important in fixing the limit of perception 
than the intensity per unit area of the retina. 

Experiments by Russell" show that a fully rested eye, shielded 
from all extraneous light, is capable of perceiving luminous surfaces 
a degree in diameter when the equivalent brightness per 2’ area is 
as low as the sixteenth magnitude. In the open, under ordinary 
conditions of sky illumination, the limit is about 2.5 magnitudes 
brighter. In other words, the eye should distinguish from the 
average sky background a luminous area a degree in diameter 
whose brightness, in excess of the normal sky light, is of magnitude 
13.5 per 2’ area. This is 1.5 magnitudes fainter than the calcu- 
lated mean starlight in the Milky Way. The results above are 
therefore in no wise inconsistent with the ability of the eye to per- 
ceive faint sources of light. Moreover, the value in (14) is of the 
same order as that derived from the measures of the brightness of 
the sky by Yntema and by van Rhijn.” 

Finally, since the estimates of the brightness of the spirals 
depend directly upon the limiting magnitude of surfaces that can 
be photographed in one minute, it is important that the value 
given in (15) be controlled. This has been done by means of 
photographs of the galactic clouds near Messier 8, placed at my 


t Astrophysical Journal, 45, 60, 1917. 
2 Mt. Wilson Contr., No. 173, p. 18; Astrophysical Journal, 50, 373, 1919. 
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disposal by Mr. Hubble. The exposures were made with an Ic 
Tessar of 6.5 inches focus, ratio 1:4.5, and a Voigtlander doublet 
of 16 inches focus, ratio 1:4. The limiting exposure that just out- 
lines the clouds is 10 for the former objective, and 7™ for the latter. 

Since a 10-fold increase in the exposure corresponds to a gain 
of 2 in the limiting magnitude, we find in each case, starting from 
(15) and allowing for differences in the focal ratios, 21.0 as the 
photographic magnitude of the brightest parts of the clouds. To 
reduce to visual magnitude for comparison with the result from 
star counts, we must subtract the mean color-index. For this we 
have no exact data; but its value seems to be less than would be 
inferred from Fath’s determination of the spectrum of the Milky 
Way. Van-Rhijn’s recent investigation? of the brightness of the 
sky shows that the zodiacal light extends over the entire sky. Its 
intensity in the regions photographed by Fath seems to have been 
comparable with the starlight itself, and it is possible that the 
characteristic solar lines which appeared in his integrated spectrum 
may have been largely due to this source. Photographs by the 
method of exposure ratios, and direct determinations of color- 
indices by Shapley? show that there are many faint blue stars in 
the galactic clouds; and it seems unlikely that the mean color- 
index for these regions is in excess of 0.4 magnitude. This value 
is an estimate, but the error involved cannot be serious. 

Another correction must also be taken into account, namely, 
the greater brightness of the sky background in the region photo- 
graphed by Hubble as compared with that in the vicinity of the 
stars whose extra-focal images were used to derive the value in 
(15). This arises partly from difference in the zodiacal light and 
partly from a source of illumination, probably auroral in origin, 
whose intensity increases with the zenith distance. The influence of 
these factors, which has been determined with the aid of van Rhijn’s 

*Mt. Wilson Contr., No. 63; Astrophysical Journal, 36, 362, 1912. Slipher, 
Publications of the American Astronomical Society, 23d meeting, to19, finds for the 
Milky Way a composite spectrum—solar type with abnormally strong hydrogen lines, 


which harmonizes with the suggestion presented here, namely, that the zodiacal light 
plays an important part in contributing the solar characteristics to the spectrum. 


2 Mt. Wilson Contr., No. 173; Astrophysical Journal, 50, 356, 1910. 
3 Mt. Wilson Contr., No. 133; Astrophysical Journal, 46, 64, 1917. 
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tables,’ very nearly compensates the effect of the color-index, and we 
therefore adopt magnitude 21 for the visual brightness of the star- 
light in the galactic clouds which were photographed. ‘The mean 
magnitude for latitude o° found from star counts is 22. Counts 
for the particular regiofi in question are not available, but from 
the fluctuations in the numbers of stars in other regions along the 
Milky Way it is clear that the excess of density in the vicinity of 
Messier 8 will account for most, if not all, of the remaining differ- 
ence of one magnitude. This affords an independent check on the 
limiting brightness for luminous surfaces given in (15). The com- 
parison is rough, but sufficient to confirm the previous result. 


VII. COMPARISON OF NEBULAE WITH THE GALACTIC 
SYSTEM 


In selecting nebulae for the comparison, preference has been 
given to those whose planes are nearly perpendicular to the line 
of sight in order that their magnitudes might be comparable with 
the brightness of the galactic system as seen from the distant 
external point on the axis of the system. The surface brightness 
of the latter at the center of figure we have found to be of the 
twenty-third magnitude (Table IT). 

The difference is therefore from 4 to 6 magnitudes. Had the 
comparison been with the nuclei of spirals, this difference would 
have been increased by two or more magnitudes; but leaving the 
nuclei out of consideration, we are led to the result that the surface 
brightness of many of the spirals is of the order of one hundred 
times that of the galactic system. ‘The conclusions to be drawn 
from this result can be stated only as alternatives, and, unfortu- 
nately, settle nothing as to the constitution or size of the spirals. 

If we suppose the spirals to consist wholly or mainly of extended 
nebulosity, the supposition in itself admits a structural dissimilarity, 
as compared with the galactic system, that may cover any sort of 
observed difference. 

On the other hand, suppose the spirals to consist of collections 
of stars, isolated in space at such distances that they present more 
or less continuous, luminous surfaces. From a consideration of 


t Loc. cit. 
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the quantities of light, /s and Jc, received from unit angular areas 
of the surface of a spiral and of the galactic system, we then find 
6s Tc 
DLS Fp eee 6 
hive L Ts ? (x ) 
in which 75 and T¢ are the thicknesses of the two systems measured 
along their polar axes, ds and dc, their mean stellar densities along 
the same axes, and J the ratio of intensities /s/lg. 
Equation (16) is a relation between mean density, linear dimen- 
sions, and the intensity ratio J. If the dimensions of the spirals 
and the galactic system are of the same order, 


. ds=Toéc, (17) 


in which for the brighter spirals J is of the order of roo. 

If these objects are smaller than the galactic system, their stellar 
densities must be even greater, and exceed the value expressed by 
(17) in the ratio of T¢/Ts. Finally, if we suppose the densities to 


be the same, 
Ts=ITe, 7 (18) 


which implies that the brighter spirals are very much larger than 
our system. The brighter spirals, at least, are therefore not 
directly comparable with the galactic system in the relation of 
stellar density to linear dimensions. 

It is impossible to specify the percentage of the entire class of 
spirals to which this conclusion would apply, for we do not know at 
all accurately the total number within the reach of existing tele- 
scopes, and still less the number too faint to be thus revealed. 
We can say, however, that the value of J appearing in the formulae 
above is probably greater than unity for every known spiral. 
The value J =1 would imply the existence of spirals with a surface 
brightness as low as the twenty-third magnitude, visual, or per- 
haps 23.8, photographic. An object of this brightness, if large 
enough to escape the photographic intermittency loss, would be 
just shown with the exposure time which faintly registers stars of 
the twenty-first photographic magnitude. With fast plates and 
good conditions this is approximately eight or ten hours, which is 
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near the maximum practicable limit. But the faintest spirals are 
apparently so small that the loss due to intermittency almost cer- 
tainly comes into operation, with the result that the surface bright- 
ness of all these objects is probably greater than that of the galactic 
system; whence, for the,known spirals, J>1. 

The alternative possibilities expressed by (17) and (18), which 
follow directly enough from the hypothesis of stellar constitution 
for the spirals, are therefore such that they place our own system 
at the end, if not actually outside, the series of known spirals 
when arranged according to one or the other of the two charac- 
teristics, density and linear dimensions. At the other end we find 
the extreme instances indicated by the formulae when we substitute 
for J a quantity of the order of 100. 


Mount WILSON OBSERVATORY 
July 1920 
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MAGNITUDES OF FAINT COMPARISON STARS FOR 
NOVA PERSEI, NO. 2 


By FREDERICK H. SEARES 
ABSTRACT 


Magnitudes of 36 faint comparison stars for Nova Persei No. 2 were determined 
by comparison with the Mount Wilson Standards at the North Pole. 

Mount Wilson scale of photo-visual magnitudes compared with Barnard’s visual 
scale gives values uniformly o.8 magnitude larger for the range 12 to 15 magnitudes. 

Brighiness and color of Nova Persei No. 2 were determined on five dates during 
Igt7—-1918. 


Photographic and photo-visual magnitudes of the faint com- 
parison stars near Nova Persei, No. 2, which are included in the 


lists of Hagen,’ Barnard,’ and Aitken? have been determined by 
comparison with the Mount Wilson Standards at the North Pole. 


TABLE I 
OBSERVATIONS 
PLATE 
Date eee an ae ane meee fer POSURE, H.A. SEEING EXTINCTION 
Number Brand 

IQI7 Sept. 22 | 4020.... Seed 27 a 50°E 3 +oM16 
Pie \We oat we: Iso+C B 50 E 2 +o.08 

Tey Cet 237 ArIo ua: Iso+C se) 45 E 4 -+o.09 
2D WARE aes Seed 27 8 40 E 4 +o.18 

tgEO Nove7 7 | 4778... Iso+C 10 48 E 3 +0.08 
rhe \h caghrhel a owe Seed 27 5 38 E 3 +o.20 

S } A7807-. . Seed 27 5 52 E 4 -+-o.15 

Caer OOumas Iso+C 10 42E 4 +0.09 
GmleAsozaenr. Iso+C 10 56 E a +0.06 
OnpAsoznens Seed 30 2 48 E 3 +0.17 


Five pairs of photographs were made with the 60-inch reflector as 

indicated in Table I. The Iso plates (Cramer, Instantaneous) 

were exposed behind yellow filter C. With the exception of those 

of the first pair, which received an additional exposure on the Pole, 
t Astrophysical Journal, 13, 233, 1901. 


2 Astronomische Nachrichten, 159, 49, 1902; Monthly Notices, 80, 710, 1920. 
3 Lick Observatory Bulletin, No. 8, 1901. 
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each plate was given three equal exposures in the order: Nova, 
Pole, Nova. 

The photographs were measured by Miss Joyner and Miss 
Richmond in the usual manner. The scale-readings on the Polar 
Standards were plotted against their adopted magnitudes," and 


TABLE II 
MAGNITUDES AND RESIDUALS 


MEAN 
DESIGNATION MAGNITUDES RESIDUALS 
CoLor- 
INDEX 
Hagen | Barnard |Aitken| Pg. Pv Photographic Photo-visual 

FO.OS els cic neste Sree iste oye ° re lc ioe oles 

TOFS pe wnces rete stats dle ° a Pe iy irs 

11.78 | +0.18 (en aan . | #4 -4 pie oe 

12.47 | +0.65 | +35 —24 —15 (+67) +2] +18 —309 +4 +8 +11 

12.32 | +0.88 | —1o — 8 +20 7 —-9!|-—-8 —9 +29 —4 —8 

£2:00)| [20.55 5| 9208 —2 4 e128 7 5 | - Oe) ont 200 Oa Ee 

12.64 | +0.73] — 2 —24 +16 +24 -—16| +1 —7 +12 —8 +2 

15.50 | +o.72 | +22 +11 —28 +10 —13 Se i's, deta On lene 

12.72 | +0.83 | — 8 -—16 +14 +18 —9/]+4 -18 +20 —6 +1 

12.64 | +1.32 | +33 —28 — 4 -—20 +17] —4 -—12 —4 —8 +30 

12.80 |) “Eted3: | at — 33 25 Ege 8 lt 10) sis ee i 

12.86 | +z.01 | +18 -27 —7 +ro +8] —8 -1r1 +3 +4 +13 

12.82 | +o0.79 | +24 -—34 —2 +17 —3 o —8 +8 —12 +133 

13.30 | +1.32 | —19 (—62) —1r +trr +8]!—4 -—-12 +8 —3 +133 

13.32)} 0.87 || —14 Si Ba 0) = al — ot 20 a 

13.20 | +0.87 | +40 —33 —18 ++rr —1]—8 +12 —2 —9 +6 

13.21 | +2.78 6 —29 +7 +14 ‘o| —7 -—2r1 +11 +6 +10 

13230 |i-hn. 34 | —-t 35 (54) —13) b=-56 rn re et Om 

13.16 | +1.08 | +22 -—26 -—14 +22 — 5 6 —I0 o -17 +31 

13.60 | +0.84/—-7 —6 +2 +22 -—10} —-1r +5 —3 —I5 +24 

TS cA Tt hed Ool ta Oi 31 ot Data ee TOM 7 ae Ome 

15.95 | +0.99 “oo Tp SES ATA icles te 4 IO) 

HEE? |p Seti || chy Seiko egy Garey Soe gy Seay eet 4 

15.19 | +31.25| — 5 +22 —31 +16 —1 +22 +3 —-4 21 

c 13.67 | +o.75 | +2 -—-21 — 6 +13 +33 | —o9 +rI0 —5 -—10 +16 
e 15.01 | +o.61 | —18 —1 +5 +6 +7 +27 -—19 +15 —23 
f £3.08)}|'--0.82 1 =~ Ou — 23) o—=1 Oli |-28) ete Saliicp= ce 80) nk Se 
g 14.74 | +to.98 | —8 —4 —7 +09 +10|.... +20 -19 +4 —5 
h £42384 |\i-1-0.52" | Oye —-22 eta Om iota ee kOu ems Tana ee toa 
a Ey OPO pe ee Neo Gr eee Niamey Gmey S yl ei on 
m T5nG5) | P4022) --t2t3 | 3b) 4 ere 6-14 (ss) ta 15 ee 
n 15.62 | 14.20 | +12.41 | —22 +15 +1 —2 +6 38 +16 —33 -1I2 —7 
et ate 14.71 | 13.82 | +o.89 | —16 —13 + 1 +20 +9 +14 — —-Il —2 
Somat 14.51 | 13.94 | +o.57|—8 —8 +3 +8 +4 +23 —-18 —2-—rf1 
a 16.86 | 15.88 | +0.08 +18 -—20 +5 —2 Qitie | Hess ai 
d 16.23 | 15.62 | +o0.61 | —13 +I5 —1I —2 ° (+44) —13 +12 (—44) 
Systematic Difference Ser 3 Rat (oa ted ro ho ee lS ee re oo A 


from the resulting curves were read the magnitudes of the com- 
parison stars with the scale-reading as argument. The results 
were corrected for atmospheric extinction by the quantities in the 
last column of Table I, which reduce the magnitudes to the zenith. 

The collected results are in Table II. The first three columns 
give the designation in the lists of Hagen, Barnard, and Aitken, 


* Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 
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respectively. The fourth and fifth columns contain the mean 
photographic and photo-visual magnitudes, and the sixth the 
color-indices. The remaining columns give the residuals for the 
separate plates in hundredths of a magnitude. Six of these exceed 
the rejection limit of o.4 magnitude, and the corresponding mag- 
nitudes were accordingly omitted in forming the means; their 
residuals, referred to the adopted means, are inclosed in paren- 
theses. The systematic differences at the bottom of the table are 
the deviations of the zero-points of the individual plates from the 
adopted mean zero-point. 


TABLE III 
CoMPARISON OF BARNARD VISUAL WITH Mount WILSON PHOTO-VISUAL 
MAGNITUDES 
Barnard | MW Pv. | MW Pv. minus Corrected 
Number } Magnitude | Barnard Visual Difference 
|. | 
15.19 +o.69 —oMr1 
14.53 .82 +0.02 
13.67 0.81 +o.o1 
15.01 (1.64) (+0.84) 
13.68 0.78 —0.02 
14.74 £51 i Osae 
14.38 -79 —0O.O1 
13.16 -95 +0.15 
13-94 67 =O. 13 
13.47 -79 —0.O1 
13.60 .80 0.00 
14.22 .78 —0.02 
I4.20 } .70 —o.10 
12.64 .69 —o.1I 
12.32 77 —0.03 
13.20 0.81 +o.01 
13.82 I.00 +0.20 
13.94 +0.80 0.00 
PED OOO OER er rae +0.80 


The observations—of the photo-visual magnitudes at least— 
were undertaken at the request of Professor Barnard, as a basis 
for comparison with his visual measures, which he has kindly 
placed at my disposal. The large values of MW—Barnard (Table 
III) arise from the difference of o.80 magnitude in the zero-points. 
Allowing for this, we find the differences given in the fourth column. 
These show no dependence upon magnitude, whence it follows 
that Professor Barnard’s visual scale and the Mount Wilson photo- 


visual scales are parallel. 
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The color-indices of most of the stars lie between 0.7 and 1.2 
magnitudes. Nevertheless, the range is sufficient to show that the 
relative color equation of the two series of measures is at least small. 
The photo-visual magnitudes are therefore directly comparable 
with the visual measures. 


TABLE IV 
BRIGHTNESS AND CoLor or NovA PeErseEr, No. 2 


Date Pg. Mag. Py. Mag. Color-Index 
1917 Sept. 22 13.79 Ta28 +oMs1 
Octin22 14.40 eles i 0.85 
1918 Nov. 7 : 13.44 13.106 0.28 
8 13.81 TEA GO. 0.42 
wD 13-45 12.78 +0.67 


The differences for Nos. 4 and 6 are the only serious discord- 
ances, and suggest that the stars may be variable. In forming 
the zero-point difference used in Table ITI, No. 4 has been excluded, 
and No. 6 has been given reduced weight. 

The brightness and color of the Nova derived from the five 
pairs of plates are as indicated in Table IV. 

Only three of the stars in the Harvard list* fall within the 
limits of this investigation. A comparison with Wendell’s results 


gives 
Hagen No. Wendell’s Desig. MW Pv.—Wendell No. MW Obsns. 


34 C +0.06 i 
42 d —0.28 I 
49 i +0.09 . 


t Harvard Circular, No. 66, 1902. 
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EXPERIMENTS ON.,THE POSSIBLE INFLUENCE OF 
POTENTIAL DIFFERENCE ON THE RADIATION 
OF THE TUBE RESISTANCE FURNACE 


By ARTHUR S. KING 
ABSTRACT 


Radiation from the tube resistance furnace ——(1) Effect of a small potential gradient. 
To determine whether, as Hemsalech asserts, the currents through the ionized vapor, 
produced by a potential gradient of 1 or 2 volts per centimeter along the heating tube, 
were responsible for the emission of some of the furnace lines, a series of experiments 
was performed in which four different methods were used to reduce or eliminate 
the potential gradient acting on the vapor. In every case the relative intensity of 
the lines was found the same as with the higher potential gradient, for the same 
temperature. No evidence of the alleged low-voltage arc spectrum superposed upon 
the furnace spectrum wasfound. (2) Origin of the radiation. This result confirms the 
author’s contention that whatever reactions between atoms or ions may cause the 
radiation, these reactions are caused and controlled by the high temperature alone, 
each temperature giving a definite spectrum. (3) The “‘red fringe’ observed by 
Hemsalech is probably a chemical phenomenon, similar toa flame. It may be obtained 
when no potential difference is acting on the vapor. 


When a substance is vaporized in a graphite tube by the passage 
of an electric current through the material of the tube or by any 
other method that will give sufficiently high temperature, it must 
be conceded that the high thermal condition may be accompanied 
by chemical actions and by effects resulting from the strongly 
ionized state known to exist near a hot surface. It has been 
maintained by the writer that, as the chemical and ionization 
conditions are caused by the high temperature and their intensities 
are controlled by it, the observed changes in the spectrum can 
properly be regarded as resulting from the variations of the tem- 
perature. 

While, in the studies of metallic spectra thus far carried out, 
the furnace was usually operated according to a fixed procedure, 
many experiments have been made as to the effects of other 
methods of handling. Thus, with air present in the furnace cham- 
ber, the pressure has been varied from a few millimeters to over 
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20 atmospheres. Carbon dioxide, oxygen, nitrogen, and hydrogen 
have also been used at pressures up to at least one atmosphere. 
The numerous changes in chemical action which must have 
resulted have failed to show anything that could be regarded as a 
real change in relative intensity of metallic lines when a given 
temperature was employed. The different distributions of vapor 
in an oxidizing atmosphere cause wider reversals of sensitive lines, 
and the general intensity of the spectrum, as measured by exposure 
times, may be greatly altered. Substances such as iron, which 
form carbides, show a more vigorous combination with the 
tube material when the furnace contains air at atmospheric pressure 
than when operated in a partial vacuum, and the intensity of the 
iron spectrum, as a whole, is increased. In all these cases, how- 
ever, a certain temperature gives a definite set of lines, and, allow- 
ing for reversals, these lines show practically the same relative 
intensities. 

When a potential difference is maintained between the ends of 
the tube, the presence of ionized vapor within the tube gives 
opportunity for the conduction of a certain fraction of the current 
by the metallic and carbon vapors. The potentials employed in 
my experiments, as measured by an alternating-current voltmeter, 
have ranged from less than 1 volt to about 2 volts per centi- 
meter of the length of the tube. As the temperature is raised, 
the increased potential-drop, greater ionization, and higher resist- 
ance of the graphite tube will combine to give more current 
through the vapor. ‘The possibility of such currents through the 
vapor is thus evident. Whether, under the usual conditions of 
operating the furnace, these currents have any effect in exciting 
the emission of lines not produced at the same temperature when 
there is no current in the tube is another matter, and it is for the 
purpose of testing this question that the following experiments 
were undertaken. 

In his recent papers’ Dr. G. A. Hemsalech asserts that a large 
class of lines requires, before they are emitted, the presence in the 
furnace tube of a low-tension arc, such as would result from the 
passage of a considerable current through the vapor. These are 


t Philosophical Magazine, 36, 209, 281, 1918; 39, 241, 1920. 
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lines which I have found to be faint or absent at furnace tempera- 
tures which produce another large class, the low-temperature lines; 
but the lines first named rapidly gain intensity at higher tempera- 
tures. The question is Whether at these higher temperatures the 
conductivity of the vapor in the tube has become so great that the 
radiation of a low-tension arc is superposed on that of the furnace. 
In a paper’ published after the appearance of the second article 
by Dr. Hemsalech, I showed that the lines which he had not observed 
until his furnace reached a temperature of about 2500°C. were 
obtainable with temperatures as low as 1800° and were distinct at 
2000°, for which Dr. Hemsalech did not suspect a disturbing 
conductivity of the vapor. 

In his last paper, Dr. Hemsalech attempts to account for the 
discordance between his results and mine on the ground that 
the potential-drop per cm which I used to produce a tempera- 
ture of 1800° was about the same as that for which he obtained 
2500°. This he attributes to my use of an unprotected tube in a 
vacuum chamber and of an alternating voltage which has high 
momentary values, whereas he has used a jacketed tube with direct 
current. Further, by passing a current through a thin graphite 
plate, he found that, when this was heated to a high temperature, 
a red glow appeared on the under side of the plate. This glow was 
sharply defined and was found to be deflected by a magnetic field 
in a direction which indicated that a part of the heating current 
passed through the vapor adjacent to the plate. The “red fringe” 
thus produced gave a spectrum consisting of carbon flutings and 
lines of titanium and vanadium, elements regularly found in the 
Acheson graphite. These flutings and metallic lines showed a 
sharp falling off in intensity at the limit of the “red fringe,” and 
this fact, together with the deflection of the fringe by a magnetic 
field, led Dr. Hemsalech to consider that when they occur in a tube 
furnace (which can be regarded as a rolled-up plate), they are due 
to a passage of the current through the vapor within the tube. 

These two points, the relatively large potential-drop which I used 
in producing the test lines of iron at low temperature, and the 
apparent electrical nature of the “‘red fringe,” are the outstanding 


Mt. Wilson Contr., No. 162; Astrophysical Journal, 49, 48, 1919. 
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features of Dr. Hemsalech’s argument that the tube furnace is to 
some extent a low-tension arc. 

The ‘‘red fringe,”’ the color of which is due to a band spectrum, is, 
I believe, mainly a chemical phenomenon which I shall show later 
occurs near heated carbon when no current is being carried by it. 
The sharp boundary of the fringe is difficult to account for on elec- 
trical grounds, but would seem to be readily explained by the sudden 
cessation of a chemical reaction, corresponding to the production 
of the sharply defined envelopes of flames. The well-known deflec- 
tion of ionized vapors in flames would lead one to expect the effect 
of the magnetic field which Dr. Hemsalech observed. The evidence 
from the direction of the deflection that the ions were carrying part 
of the heating current would have been more complete if the current 
had been reversed, while the direction of the field remained the 
same. The temperature of the fringe vapor must have been 
much below the measured temperature of the graphite plate, on 
account of the strong gradient inevitable at the exposed surface. 
The ‘“‘red fringe” is, I believe, the same as the red glow which 
appears regularly in the tube furnace at temperatures well below 
2000° C. when a fresh tube is first heated. It fades after a short 
time, with the temperature unchanged. I have always ascribed 
it to a transient condition while some impurities of the graphite 
are being burned out. 

That certain lines appear in a mass of ionized vapor through 
which a fraction of the heating current may be passing, clearly does 
not justify the conclusion that these lines require the current for 
their production. Experiments are needed in which, with the vapor 
heated to about the same temperature, the possibility of a current 
is reduced or eliminated. Such experiments, which I have carried 
out by four different methods, will now be described. Three of 
these methods involved different arrangements of the tube fur- 
nace, while in the fourth the tube was heated by an external arc. 

1. The use of direct current with protected tube, and comparison 
of direct and alternating currents with unprotected tube.—A large 
direct-current generator, just installed, made it possible to use with 
the furnace heavy currents which have been available hitherto 
only with transformer voltage. In order to retain the heat and thus 
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permit the use of lower potentials, the tube was jacketed with a 
protecting tube of graphite and outside of this with cakes of par- 
tially fused carborundum. In the earlier experiments with this 
furnace,’ a protecting jacket of this kind was used. It has the 
disadvantage that the temperature gradually rises during a con- 
siderable interval while the jacket is being heated, and with the 
alternating current, no method is available for changing the vol- 
tage by small steps to counteract this increase. For the regular 
examination of spectra at different temperatures, where constancy 
during the exposure is a prime requisite, the tube was left unpro- 
tected inside the vacuum chamber. This arrangement, as Dr. 
Hemsalech has noted, requires relatively high potentials to give the 
desired temperatures, and the peak voltage during each alternation 
produces momentary values of the electric field higher than those 
given by direct current for the same tube temperature. The 
possible effect of this was easily tested by using a protected tube, 
with current from the new generator, the adjustment of whose 
field permits a fine variation of the voltage to allow for heating of 
the jacket. Temperature measurements were made at the center 
of the inner wall of the tube by means of a Leeds and Northrup 
pyrometer of the Morse type, whose readings yield the same tem- 
peratures as the less convenient Wanner pyrometer previously 
used. The potential-drop was measured across the electrode pipes 
outside the furnace chamber and included not only that over 
the tube but also across six contacts within the chamber, whose 
resistance was not negligible. 

Photographs of the iron spectrum were made with the furnace 
at 1950° and 1800°C. For the latter temperature, the voltage, 
after the jacket was fully heated, remained steady at 12 volts, or 
0.6 volt per cm of the tube, neglecting the contact resistances. 
Allowing for the probable drop over these, it is likely that not more 
than 10 volts, or o.5 volt per cm, were involved in the production 
of the spectrum observed. In this spectrum, all of the strong iron 
lines of the \ 4900 group were distinctly though faintly registered. 
These are the test lines which Dr. Hemsalech maintains do not 
appear in the tube furnace with direct current below 2500°, at 


I Mt. Wilson Contr., Nos. 28, 32; Astrophysical Journal, 28, 300, 389, 1908. 
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which temperature the potential-drop per cm in his experiments 
was about twice that used here. The rest of the spectrum at 
1800° was the regular low-temperature spectrum, with the lines of 
Classes I and II strong and those of Class III, to which the group 
near 40900 belongs, beginning to develop. For instance, the 
strong arc line \ 4260 of Class III was less than one-fifth as strong 
as the adjacent \ 4258 of Class IA, a relation which can be reversed 
at higher temperatures. The prominent impurity lines of titanium 
and vanadium were strong, and the ‘‘cyanogen’’ band at A 3883 
was well developed. It has been shown in previous experiments 
that this band and those of the carbon spectrum are much stronger 
in air at atmospheric pressure than in the partial vacuum used in 
these experiments. The spectrum at 1950° differed from that at 
1800° chiefly in the rapid strengthening of the lines of Class III, 
4260 now being only slightly weaker than A 4258. 

Experiments were next made with the usual unprotected tube, 
charged with iron filings, a photograph being taken at a certain 
temperature with alternating current, followed by one with direct 
current. adjusted to give the same pyrometer reading. Pairs of 
spectrograms were thus made for temperatures of 1750°, 1800°, 
and 2200°. Slightly higher voltages were of course required than 
in the case of the protected tube. The spectra at a given tempera- 
ture were practically identical, the same lines being present, with 
the same relative intensities, whether alternating or direct current 
was used. 

These experiments serve to establish the emission of lines of 
Class III, such as those of iron near \ 4900, with a very low poten- 
tial-drop given by direct current, and at the temperatures at which 
I have regularly observed them with the furnace excited in the 
usual manner. That Dr. Hemsalech did not observe these lines 
in his tube furnace resulted, I believe, simply from the faintness 
which must be expected in the case of lines of Class III. Visual 
observations cannot be expected to show them, especially with 
low dispersion, until they have attained the brightness associated 
with a higher temperature. They may also be lost on a photo- 
graphic plate having decided contrast, unless it be given long 
exposure, though the low-temperature lines may be quite distinct. 
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With a softer plate, and exposure sufficient to produce a strong 
general intensity, however, the lines of Class III appear distinctly 
without over-exposure of the rest of the spectrum. 

2. The furnace with insulated inner tube-—This method and the 
one following were employed for the purpose of reducing or exclud- 
ing any action on the vapor by the potential-drop usually present 
between the ends of the furnace tube. A double tube was arranged 
as in Figure 1, consisting of a tube of 6.25-mm bore, inside of the 
regular 12.5-mm tube which carried the current. The inner tube 
was turned down to give a clearance of about 1 mm between it and 
the outer tube, and was insulated from the latter by short pieces of 
quartz tubing at the ends, which were kept cool by the contact 
blocks. The inner tube, which contained the iron vapor, should 
have conducted much of the current which otherwise would have 
passed through the vapor, thus largely avoiding the conditions of a 


Fic. 1.—Arrangement of insulated inner tube 


low-tension arc. The ammeter gave no indication of an increase of 
current resulting from the low-resistance inner tube, and when 
alternating current was used on the tube at temperatures of 1700° 
and 2000°C. the spectra were quite the same as for the single 
tube at the same temperatures. The experiments were carried out 
both in a partial vacuum and at atmospheric pressure. 

3. Spectrum photographed with no current in tube.—The furnace 
tube, when well protected by an inclosing jacket, cools so slowly 
that its spectrum fades only gradually when the current is broken. 
This persistence of the stronger low-temperature lines, which fre- 
quently remain visible for several minutes, has often been noted. 
The photography of this spectrum after the current had ceased was 
now undertaken. 

A jacket was used about the tube similar to that described in 
the experiments with direct current, and the furnace was excited to 
a temperature of 2350°C., the window toward the spectrograph being 
covered by a shutter. The transformer switch was opened and 
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the same hand was then used to open the shutter, thus insuring 
an interval of at least half a second after the current was broken 
before the exposure was started. In fifteen seconds the temperature 
fell below 1500°; after which the tube was heated as before and 
again exposed with no current. A total exposure of 30 minutes 
by this method served to build up a spectrogram of sufficient 
strength. Without opening the furnace, the spectrum was then 
photographed with a continuous run at reduced voltage, giving a 
temperature of about 2100°C. The two spectra were the same 
with respect to lines present and relative intensities; the test iron 
lines of Class III were distinct, as were also the lines of titanium 
and vanadium and the cyanogen bands. 

This experiment would seem conclusive as to the possibility 
of producing, without a potential difference, the lines which Dr. 
Hemsalech considers require the presence of a low-tension arc. 
Dr. Hemsalech, has, however, also observed a persistence of the 
group at \ 4900 after the current had been broken and has com- 
pared it with the residual luminescence which he observed in 
spark spectra’ when the metallic vapor was blown out of the 
electric field by an air blast. It seems scarcely permissible to 
compare this phenomenon of the spark with the present experiment, 
as the time intervals are of quite a different order. The duration 
of visibility of iron lines in the spark vapor was about 0.0002 sec. 
Even a line so easily produced as \ 4227 of calcium lasted but 
0.0003 sec. The reader must judge whether the radiation of iron 
lines of Class [II and other test lines during several seconds can be 
reasonably ascribed to the better protection of the vapor afforded 
by the furnace tube. 

4. Furnace tube heated by an external arc—In this experiment, 
the furnace tube was in effect a horizontal crucible in which iron 
was vaporized by a heavy-current arc between horizontal carbon 
electrodes which were brought together beneath the tube. The 
arrangement is shown in Figure 2. A is a short graphite tube of 
6.25-mm bore and 12.5-mm outside diameter. An alternating- 
current arc carrying 200-300 amperes was formed between the 
carbon rods B. These were insulated by carborundum plates € 


* Comptes Rendus, 150, 1743, 1910; I5I, 220, 19I0. 
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from the graphite blocks D which inclosed the tube and the arc. 
The ends of the furnace tube A were fitted into sections of graphite 
tube of r9-mm outside diameter which passed through holes in the 
graphite housing and permitted a view of the interior of the tube. 
A screen at the end toward the spectrograph excluded from the 
slit all light except that from the vapor within the tube. After 
each run the tube was carefully examined to see that no hole had 
been formed which would permit contamination by vapor from 
the arc. 


Fic. 2.—Furnace tube (A) heated by external arc (B) 


This furnace is not to be recommended for regular work as a 
substitute for the tube heated by a current, for the shifting of the 
arc about the ends of the electrodes caused much variation in the 
heating of the tube. At intervals, however, the tube became hot 
enough to emit a rich spectrum, which was photographed in the 
first order of a 1-meter concave grating. The spectra thus obtained 
showed no essential difference from the numerous spectrograms 
made with the regular tube furnace at about 2000°. The test lines 
of, interest in this investigation, consisting of the iron lines of 
Class III near \ 4900, the titanium and vanadium lines given by 
impurities in the graphite, and the ‘“‘cyanogen”’ flutings were all 
present. The latter were of the strength usual with the tube 
resistance furnace at atmospheric pressure, and the relative inten- 
sities of the metallic lines showed no differences from those given 


by the resistance furnace. 
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An interesting feature was the production in the tube of the 
“red fringe” noted by Dr. Hemsalech near his graphite plate heated 
by a current. This red glow appeared at the bottom of the tube, 
next the arc, and occasionally, for short intervals, filled the tube; 
but usually it extended across about half the diameter, with a 
sharp boundary above. Above the red glow a yellowish vapor 
often appeared. The grating photographs, which in the first order 
show incomplete astigmatism, correspond closely with those taken 
by Dr. Hemsalech near the hot plate. The low-temperature lines 
of iron and such impurity lines as \ 4227 of calcium and X 4607 of 
strontium, maintain nearly the same intensity across the diameter 
of the tube; while the iron lines of Class III, the titanium and 
vanadium lines, and the cyanogen bands are strongest in the portion 
occupied by the red glow,, fading rapidly at its limit. The whole 
effect seems to me to indicate a chemical condition adjacent to the 
heated carbon, regulated by the temperature and without any 
dependence on the passage of a current through the vapor. 

It seems a fair conclusion from these experiments that the 
temperature classification used by the writer for furnace spectra 
is a sound one, and that any conduction of current by the vapor 
which may take place at the temperatures on which the classifi- 
cation depends is quite without effect in modifying the spectrum. 
Instead of accepting Dr. Hemsalech’s view that the low-temperature 
lines are due to a thermo-chemical excitation, and that the high- 
temperature lines, including those of Class III, require a passage 
of the current equivalent to a low-tension arc, I believe the experi- 
mental evidence indicates that the réle of chemical action is uncer- 
tain, but that it probably acts mainly by affecting the general 
intensity; and that the effect of such current as may be conducted 
by the vapor at moderate furnace temperatures is negligible. I 
have laid stress, as does Dr. Hemsalech, on the lines of Class III, 
since these are the chief indicators of changing temperature in the 
furnace; and the object of this investigation has been to show that 
these lines, which, with the low-temperature lines of Classes I and 
II, make up the bulk of the furnace spectrum, do not require the 
passage of a current through the vapor. The lines of Classes IV 
and V, which are absent or faint at high furnace temperatures, 
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include several varieties between which the furnace does not dis- 
tinguish. Such lines may be of the diffuse type for which the 
electrical sources are especially favorable; they may partake of 
the nature of enhanced lines; or they may be lost in the furnace 
spectrum through extreme faintness. The question is for the 
present left open as to how far the effects of higher furnace tem- 
peratures, say above 2400° C., may be complicated by conduction 
of current. For present purposes this is not vital, but would 
become important if the temperature-range were transferred to a 
higher level, such as would be needed for the spectrum of tungsten, 
this metal melting at about 2700° C. when in contact with carbon. 
An indication is given, however, of the weakness of electrical 
excitation even at the higher furnace temperatures by the fact 
that of the enhanced lines of titanium, given in the arc of about 
the same intensity as the stronger arc lines, only a few are shown 
as traces in the furnace at 2600°C. The question remains in this 
case as to whether the high temperature begins to excite these 
radiations, or whether a weak electrical action causes their 
emission. 


SUMMARY 


The material in this paper may be summed up by saying that 
we have no evidence that so small. a potential-drop per cm 
as that existing in the tube furnace can excite the test lines and 
bands observed, and that, for the temperatures required to classify 
the lines of most metallic spectra, the experiments here reported 
show a definite spectrum for a given temperature when the potential 
acting on the vapor is reduced, or as far as possible eliminated. 

The writer was assisted in this work by Mr. Sinclair Smith, 
especially in the handling of the arc-heated furnace. 


Mount WILSON OBSERVATORY 
July 1920 
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INTENSITY DIFFERENCES IN FURNACE AND ARC 
AMONG THE COMPONENT SERIES IN 
BAND SPECTRA 


By ARTHUR S. KING 


ABSTRACT 


Intensity differences between band spectra emitted by electric furnace and by arc.— 
Large-scale photographs of the “cyanogen”’ band at \ 3883, made in the third order of 
a 30-foot spectrograph, showed that the A; series of lines is enhanced over the A, series 
so as to become the dominant series (PlateXX). Also some new faint doublets appeared. 
The two series, then, seem not to belong to the same temperature class, and may be 
expected to be differently affected by pressure, etc. The “cyanogen” band at \ 4216 
also showed similar changes. In the Swan band \5165 the triplet series is enhanced 
in the furnace spectrum with reference to the adjacent doublet series. 


In spectrograms of moderate dispersion in which the spectrum 
of the electric furnace was photographed with comparison arc 
spectra, it was noted that the ‘‘cyanogen” band A 3883, which 
frequently appeared, showed an apparent difference in structure, 
the component lines seeming to be more numerous in the furnace 
when the general intensity was about the same for both sources. 
Closer examination showed this to be due to an intensification in 
the furnace of band lines which are present but relatively faint in 
the arc. 

Since the phenomenon indicated a variability among band lines 
similar to that generally observed for line spectra given by arc 
and furnace, the nature of the difference was investigated with 
higher dispersion, the third order of the 30-foot plane-grating 
spectrograph being used. As this band is emitted more strongly 
at atmospheric pressure than in the vacuum furnace, and as it was 
desirable furthermore to avoid differences of pressure, a new furnace 
built to stand long exposures at high temperatures was employed. 
In this, the graphite tube is supported in large bronze holders, cast 
hollow for water-cooling, with graphite bushings around the ends 
of the tube. The heated portion of the tube is protected merely 
by a cast-iron water jacket which retards the wasting away of the 
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tube by preventing active circulation of air. Large-scale photo- 
graphs were thus secured for tube temperatures of approximately 
24700°, 2500°, and 2350°C., a spectrum of the carbon arc being 
taken in each case adjacent to that of the furnace. 

The portion of the band between the first and second heads, 
being free from the overlapping which occurs beyond the second 
head, was most suitable for comparison. It was clear that the 
different appearance in furnace and arc is due to an enhancement 
in the furnace of the series of lines designated by Uhler and Pat- 
terson' as ‘‘A,.”’ This is weaker in the arc than the “A,” series, 
composed of doublets, up to a point not far from the head of \3883, 
some lines of.the A, series being very faint in a normally exposed 
arc spectrum. Inthe furnace, A; is the dominant series. At 2350°, 
the A, lines are nearly twice as strong as those of the A, series. At 
2500°, reversals begin for both series, but a much larger proportion 
of the A, lines is reversed. At 2700°, almost all members of both 
series are reversed, the reversals of A, lines being decidedly wider. 

Plate XX shows the section of the band most favorable for 
examination, with the furnace spectrum at 2500° between two arc 
spectra of different exposures. 

In the following table a comparison is given of the band lines 
of arc and furnace for a portion of this region. The wave-lengths 
are those of Uhler and Patterson, and the series symbols and 
intensities for the arc lines are also taken from their paper. F and 
f indicate degrees of faintness, while w, m, and 7 signify weak, 
medium, and strong, respectively. The same gradation is adopted 
for the furnace spectrum and degrees of reversal are indicated 
by x and R. The intensity relations for the remaining lines up 
to the head at \3883 are similar to those of the last three lines in 
the table. 

In addition to strengthening the A, series-(and perhaps others 
beyond the second head), a series of faint doublets, not quite 
strong enough to measure, appears in the furnace band between 
AA 3871 and 3875. These do not show in the arc band even when 
this is very strong. The furnace thus appears to be especially 
effective in bringing out the full structure of a band. 


t Astrophysical Journal, 42, 434, 1915. 
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FURNACE AND ARC SERIES IN BAND SPECTRA & 


An examination of the “cyanogen” band at \4216 and that at 
X 5165 belonging to the Swan spectrum, the latter being photo- 
graphed in furnace and arc under high dispersion, showed in each 
case a strengthening of certain series by the furnace. The triplet 


TABLE I 
INTENSITIES OF BAND LINES IN ARC AND FURNACE 


r Series Arc (U and P) Furnace 
ROT 2 TOOT arc ee wia.« bes Chere: Ay m 44 
BOLO Maik te oie cust Ate A a m 
REGO are, she nexc) ahora elerahe ioc INS t m 
Oh tae hei sheik seer netars Ay a ar* 
POORER Rime bernaceninee.: A, m m 
BOG aa Tir sceeenmGe ee vis Ay w ir 
SOUR ya a crekcien iS ichtele Sake A t m 
SS OW acres eieicreecnect te iacepe sce Az t m 
PB POOAS. Hi ess Rin loaneree Ay of Z 
LOR cnc close vere te Az Z m 
ao) en ae eee A, Z m 
DOD aie rete jeans re F VD 
Sain i earec Ru isl wioiw is faler wT dieite 2 4 m 
irs Re etaieee hier tole A t m 
OTS RS LOm ance sehe veel sick care Az a m 
Ba See iteleietsierecoshere eo A, Z m 
DED Eye otra alc toutrate gene Ay va a 
Ue iececteceie) lsiten tesere A, 4 a 
SOROS a eh cies career Az Z a 
BovORs Unsere eee sees Ay f z 
BAR Dero crstae tei siaotsi sina s AG a z 
BS Weer eae eee sae Se reel ss A, a Z 
SA ier arGarciaie wales. Ay w ir 
ROO ma MOAN sce teh A, 4 U 
AO AOS aay ay onislat Onno oe eee 1X t Z 
PSS ESSE le Sn tie Wb ipheltontic Ay w ir 
BAA OEP paleo aie Sroneterele as A, t t 
506 Sd ae sieneis Sees oven ela ele A, 4 @ 
SO ee eaaie seriveneks.e «otto, Ay m 4 R 
QD Beene T aie errr h staseialeue axe A, i ir 
EQ OO me roreks om site ss eters es 2 1 tr 
FOTO SO3n caccisw te aeetee es Ay m tR 
BS SO Mare ao eee ate oicoaclle Az a ir 
BEA Cone ae Yoh Saray Bite avalos oo fie 4 ir 
BPA Awe ete eshte jane oltay Se As U aR 
OD Bearcat eha dite ems (epee A, 4 Lr 
SOlnees eetiaiss celal Az 4 De 


* Double, violet component reversed in furnace. 


series proceeding from the head at 5165 is enhanced in the furnace 
to about the intensity of the strongest line of the adjacent doublet 
series, thus doing away with the contrast which the arc shows on 
account of the predominance of the doublet series. 
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The question as to whether temperature produces the difference 
between furnace and arc cannot well be tested at present, on account — 
of the great increase in vapor density, with resulting reversals, when 
the graphite tube is heated to high temperature. A considerable 
difference in temperature, such as between 2300° and 2700°, 
involves the uncertainty of comparing sharp and reversed lines. 
The difference between furnace and arc indicates, however, that 
the contrasted series belong in different temperature classes. If 
so, there should be a difference in their response to displacing 
agencies such as pressure or those electrical actions which affect 
wave-length, since, for the line-spectra of metals, lines relatively 
strong in the furnace are less subject to displacements. 

A further feature resulting from the fact that the lines composing 
a band do not behave as a unit is that this dissimilarity must be 
taken into account in atomic models designed to explain the 
radiation of band spectra. A considerable degree of independence 
evidently exists between the centers emitting the component 
series of a band which itself is a member of a family of bands. 


Mount WILSON OBSERVATORY 
September 1920 
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STUDIES BASED ON’THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 
EIGHTEENTH PAPER: THE PERIODS AND LIGHT-CURVES OF 
26 CEPHEID VARIABLES IN MESSIER 72 
By HARLOW SHAPLEY anp MARY RITCHIE 


ABSTRACT 


Periods and light-curves of 26 Cepheid variables in Messier 72 have been determined 
from eighteen plates taken with the 60-inch reflector. The variables are found to be 
much alike. The periods range from 0.33 to 0.66 day, and the median photographic 
magnitudes from 16.4 to 16.9, the mean value for all being 16.8. The difference of 
magnitude between these variables and the 25 brightest stars is unusually small, 
only 0.94. 

Globular cluster Messier 72.—The photographic magnitudes of twenty-nine com- 
parison stars were determined by the polar-comparison method. From the median 
magnitude of the variables the parallax of the cluster is computed to be 0%000039. 


1. Introduction—Exploration of the extent of the sidereal 
universe requires particular knowledge of the most distant objects 
on record—of the positions in space of faint globular clusters, 
galactic clouds, and spiral nebulae. For a remote cluster, the 
Cepheid variables appear to afford the most definite quantitative 
measure of the position in space, the distances of such stars being 
uniquely defined by the period-luminosity curve.’ 

The precise determination of the distance of a remote cluster 
aids also in the correlation between its distance and apparent 
diameter; and in any cluster the determination of the mean 
median magnitude of the cluster? variables serves in correlating 
the magnitudes of its brightest stars with the magnitudes of its 
variables. Thus in two ways the investigation of variables, when- 
ever they can be found, bears on the problem of the distances of 
all clusters. 


1 Mt. Wilson Contr., No. 151; Astrophysical Journal, 48, 89, 1918. 


2The name “cluster variable” is used exclusively for those variables of the 
so-called Cepheid type whose periods are shorter than one day. 
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In view of the significance of these general problems, the dis- 
covery and study of Cepheid and cluster variables in the faint 
globular clusters has been undertaken at Mount Wilson as a 
feature of the work on the structure of sidereal systems.’ 

Systematic investigations of the periods and light-curves of 
the variable stars in four bright globular clusters have been pub- 
lished by Professor Bailey in the Harvard Annals, affording results 
that have been of much importance in our work on Cepheid 
variables and stellar clusters. Bailey’s work is based upon long 
series of plates, some made throughout an interval of more than 
twenty years—a circumstance that in many cases permits high 
precision in determining the period and range of light variation 
and also yields some information as to secular changes in these 
quantities. 

Researches on variations in period and light-curve are neces- 
sarily based on extensive material and can be most advantageously 
made in the case of the brighter clusters, for which observations 
are easily obtained and analyzed; accordingly, the study at Mount 
Wilson has included neither this problem of secular variations nor 
the derivation of precise light-curves, but rather has been specifi- 
cally concerned with the following points: (1) the average median 
magnitude of the cluster variables; (2) the bearing of the new 
material on the period-luminosity relation whenever both long and 
short period Cepheids are found; (3) the relation of the median 
magnitude to the brightest stars in the cluster; (4) the correlation 
of length of period with type of variation, magnitude, range, and 
distribution in the cluster. 

None of these problems requires high accuracy in periods or 
light-curves if the variables are numerous, and therefore short 
series of plates are sufficient, provided the observations are properly 
arranged. In the following discussion of Messier 72 three of the 
points enumerated above are satisfactorily treated on the basis 
of twenty photographs with the 60-inch reflector. The variables 
studied are by far the faintest and most distant for which periods 
and light-curves are known. 

* Compare section 1, Mt. Wilson Contr., No. 190; Astrophysical Journal, 52, 73; 
1920. 


2 Vol. 38, 1902; 78, 1913-1910. 
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2. Earlier work.—Messier 72 (N.G.C. 6981 =B.D.—13°5783) 
is a faint globular cluster in Capricornus with the equatorial and 
galactic co-ordinates, for 1900: 


Right ascension =20548™o Declination = — 12°55’ 
Galactic longitude = 3¥ Galactic latitude = — 34° 


The photographic magnitudes of its brightest stars were deter- 
mined three years ago (Mount Wilson Contributions, No. 152), and 
the mean of the twenty-five brightest was found to be 15.86.! 


TABLE I 
List OF PLATES 


D. and G.M.T| Length of Average 
Plate Number Date J (Eieliocentric) ede Quality ea ee 
2420000-++ 

Bora. 1917, Aug. 13 1454.825 gig nm 2 Goods wee | trea eerte 
3040s sce. Sept. 9 1481 .819 ey Pree yee Good Jw |||) Saee eee 
BOOB eo Ostia 12 I514.693 | 10 Fair +0.06 
ATOZ Oe ees Nov. 10 1543.662 | I0 Fair 0.06 
AOS eee: Igtg, July 21 2161.882 | Io Good 0.05 
BOTT Sosa ss = July 21 2161.907 | Io Very good 0.02 
AOzOS ces at July 21 2161.968 | Io Fair 0.05 
ASSES. ose July 22 2162.746 | 15 Fair 0.05 
AOOOP sein July 22 2162.830 | I0 Very good 0.05 
BOO 2s wee July 22 2162.892 | 12 Very good 0.03 
BOOB se ys spel July 22 ZEOZAO7 Sas Poor 0.07 
OES rac July 23 2163.738 | 12 Good 0.04 
O22 setercieis' July 23 2163.828 | Io Good ©.05 
O28 Mere cey July 23 2163.903 | I0 Fair 0.07 
O32 yee. July 24 2164.766 | 15 Good 0.05 
SOBA selaeie July 24 2164.880 | 12 Very good 0.04 
SO3Qsiazecie Aug. 22 2193.788 | I0 Fair 0.05 
BOAR hccsps ts Aug. 23 2194.708 | 12 Good 0.06 
SORTS. wee Sept. 21 2223 .648 | IO , 10, 2 Poor 0.05 
BORD cee Sept, 27 2223 .687 8, 8, 8 Good +£0.05 

WMeanmerncr +£0.05 

* Used only for bright comparison stars. t Used for positions and reproduction. 


The diameter of the cluster was estimated as 2’, 2'2, and 2'4 by 
Melotte, Miss Davis, and Shapley, respectively. On the basis of 
these measures of diameter and magnitude the parallax was 
placed at 07000034. 

3. Observations—The photographs listed in Table I were made 
at the primary focus of the 60-inch reflector, the first four on 


t Owing to a typographical error the printed value is 15.94. 
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Seed 27, the remainder on Seed 30 plates. Multiple exposures, 
indicated in the fourth column, show which plates were compared 
directly with the polar standards. The estimated quality of the 
plate, as recorded at the time of observation, is given verbally 
in the fifth column; in the sixth column the quality is shown 
numerically for each plate in the form of average deviations from 
the adopted means for the magnitudes of comparison stars. This 
average deviation is the mean of the residuals given in Table II, 
where it is tacitly assumed that the light of the comparison stars is 
constant. 

4. Comparison stars.—The photographic magnitudes of the com- 
parison stars were determined as follows: The polar-comparison 
plates gave. preliminary values; these magnitudes were plotted 
for all plates against the scale readings, after the usual correction 
had been applied to the latter for distance from the center and for 
scale irregularities. For each comparison star the deviation from 
a smooth curve was then tabulated and the systematic deviation 
for each star (mean of residuals with regard to sign) was applied 
as a correction to the preliminary magnitude. The new magni- 
tudes of the comparison stars were again plotted against the scale 
readings. The residuals from the resulting new curves are those 
appearing in Table II, which serves to show both the degree of 
constancy of the light for all comparison stars and the numerical 
quality of each plate. The magnitudes of the variables have been 
read from this second set of curves. 

The foregoing method of reduction is equivalent (1) to deter- 
mining the zero point and scale of magnitudes by means of the 
four polar comparisons, (2) reducing the accidental error in the 
mean magnitude of a comparison star with data from twenty 
plates, and (3) deriving each magnitude of a variable star through 
indirect comparison with twenty-nine stars of sensibly constant 
light. 

Table III gives differential positions and adopted magnitudes 
of the comparison stars, as well as the average deviation from the 
adopted means and the final systematic deviations. The last, 
which are in thousandths of a magnitude, have not been applied 
to the adopted magnitudes. It was noticed, after the magnitudes 
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of the variables had been derived, that the final systematic devia- 
tions are negative for all comparison stars fainter than 17.2. 
This indicates a slight systematic error in drawing the curves; to 
correct for it, in making Table V we have applied +0.02 to the 


TABLE III 


CoMPARISON STARS IN MESSIER 72 


PosttIon 
Ses ES RAC en Si eee tree eee UE PROTOCRAPHIC AVERAGE SYSTEMATIC 
MAGNITUDE DEVIATION DEVIATION 
x y 
CP RAE a ene +0'40"5 —1/11"4 16.08 + oMo4 —oMoo03 
Lea eal ert rete ty -o. 9.0 16.09 0.02 +0.002 
Cleat aaa +0 43.5 +0 14.4 16.16 0.02 —0.002 
Ci NH eed 8 —o 28.5 +114.4 16.13 0.03 +0.002 
CBA CES BIR GE S—-0 47.4 —0 51.0 16.67 0.06 +o0.006 
MSE UTOM Cerys +2 7.5 +215.6 16.65 0.06 +0.008 
CAB AG eH RAPS +1 24.6 +o 43.5 17.3% 0.03 —0O.O1I 
AeA Saher eee a —0 35.4 “253K0 17.01 0.04 +0.013 
Tee capemicmas ear oy —I17.4 +1 12.6 17.18 0.05 +o.002 
ESA eiakiane —218.6 +o 2.4 17.40 0.06 —0.012 
MY Ria nwven tate —117.4 —114.4 I7.14 0.06 —0.002 
1b Ee Pie sais +1 27.6 —1II17.4 L7G 0.04 +0.002 
Onesie lone --1 12.0 —o19.5 L7aSE 0.07 —0.019 
PD oars ions +o 58.5 —o15.6 D728 0.05 —0.015 
Qatinrtateheasecls +1 46.5 —o 3.6 77, 0.06 —0.004 
Teves as =-Ogites =I 10.5 17.31 0.04 —0.008 
Seder Gaeee ater +o 39.6 +1 20.4 17.00 0.06 +0.o11 
brchheciercbeceigicre +0 14.4 +1 36.0 17.56 0.06 —0.021 
Te BESS SOREN +I 9.0 +o 8.4 17.38 0.06 —0.024 
UNgboG ba SAGE —1 48.0 —0 52.5 17.80 0.06 —0.044 
(DA eta onan’ —1' 9.6 +0 47.4 17.20 0.06 —0.001 
CA Aola tna een —I 21.0 +o 21.6 17.03 0.06 +0.003 
Mit eraia tse ats —0 39.0 1-052 .0 17.09 0.06 —0.012 
© eohiey ard eodeer ens +0 33.6 +0 49.5 7a 0.06 —0.002 
Gis ercicters sneanay, —0 42.0 142.0 L727 0.07 —0.002 
Bie vAcane vests —0 46.5 +1 21.0 16.81 0.06 +0.011 
AV icy mab vect vedere ss te ATO ens eh Gad! 16.86 0.06 +0o.012 
Oey Nate tent Ne —0 50.4 Omas 16.22 0.06 —0.003 
Ew rere eee ees —I41.4 +0 35.4 DS i7, +0.04 +0 .006 
DA soya bitcas aS +4.25.5 = DSA Od I adaersxopalor Oa, s sont |sestomehet aeleeree eee eer 


* Star Ais B.D.—13°5785 (9M1)=A.G. Camb. 7396. 


magnitudes derived for the minima from analysis of the observa- 
tions in Table IV. 

5. Magnitudes and light-elements of the variable stars —A photo- 
graphic chart and the differential positions of the thirty-four stars 
in Messier 72, listed as probably variable by Miss Ritchie, are 
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given in the first section of Mount Wilson Contributions, No. 100. 
The photographic magnitudes from measures by Miss Ritchie, the 
phases, and the residuals (in hundredths of a magnitude) from 
smooth mean curves are given in Table IV. Table V contains 
the elements of light-variation and other data appropriate for 
statistical discussion, and is followed by notes on special cases. 
Except for a few instances cited in the notes, the periods are accurate 
to the fourth place of decimals. Four representative light-curves 
are shown in Figure 1. The determination of the periods and 
light-curves has been largely in the hands of Miss Mayberry. 

6. Discussion of resulis—Numbers 6, 19, 22, 26, and 33 do not 
appear to be conspicuously variable; Nos. 25, 30, and 34 undoubt- 
edly vary, but it has not been possible to obtain uniform periods 
for them. For Nos. 18, 24, and 28 the periods are unsatisfactory 
to the extent stated in the notes to Table V. Twenty-two of the 
periods and light-curves, however, are sufficiently accurate for the 
summaries in Tables VI, VII, and VIII, which are arranged 
respectively with the arguments of period, median magnitude, and 
range. 

Variable No. 27 was omitted from the correlation tables because 
of its deviation in period, distance from the center, range, and 
median magnitude from all of the twenty-two other variables with 
well-determined elements. Possibly it is an isolated variable, only 
by chance in the direction of Messier 72; but in that case it would 
be much the most distant isolated star on record, and some 15,000 
parsecs from the galactic plane. Number 2, which has the second 
largest range of variation, is the second most distant from the 
center, a fact which suggests that No. 27 is probably a member of 
the cluster notwithstanding its somewhat anomalous character. 

From Tables VI, VII, and VIII no definite correlations are 
evident, except that small range is associated with faint median 
magnitude—probably an indication merely that the maximum 
is frequently recorded too faint because of the insufficiency of 
observations near zero phase. The principal conclusion from these 
tables is that all the stars are much alike, particularly in median 
and minimum magnitudes. 
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Fic. 1.—Light-curves of cluster variables in Messier 72. Ordinates are photo- 
graphic magnitudes; abscissae, phases from maximum in days. 
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14 
TABLE V 
ELEMENTS 
DreereNcn |B enoGH Os PHOTOGRAPHIC MAGNITUDE 
ee From | HELIOCENTRIC PERIOD) 9\|==-—> aaa ee ONCE 
Center | Maximum Maximum | Minimum | Median 
2420000-++ 

tips Tia 2162.07 0161974 16.40 1727, 16.84 | 0.87 
oe 3.6 2162.817 .46561 16.00 eae 16.66 Tse, 
Be 1.3 2162.968 . 48965 16.25 17.35 16.80 I.1I0 
Asie ieese 1.8 2162.90 . 3619 16.16 E7.B4 16.75 1.18 
It ever: Oni 2163.738 -4991 16.40 17.43 16.91 1.03 
ie cise °.9 2163 .896 . 52463 16.20 17.29 16.75 I.09 
on I.5 2163.835 -5743 16.40 L7es2 16.86 | 0.92 
Gun 0.9 2162.61 .5902 16.30 17.34 16.82 I.04 
TOM I.4 2163.63 5483 16.23 L732 16.77 1.09 
TIRe LI 2162.736 -3345 16.35 T7132 16.83 0.97 
nee ape o.4 2163.90 .4IIl 16.31 17.07 16.74 | 0.86 
TSovsieraecee 0.4 2161.907 -54182 16.10 3 fae 5 16.63 1.05 
TAs histo: 0.6 2163.90 - 5904 16.40 17.06 16.73 0.66 
ES sak asta eu! 2163.83 - 5499 16.15 17/530 16.73 Tors 
TGsen ater 0.3 2163.83 . 5041 16.30 7.37 16.83 LAO7) 
Ts 0.7 2162.845 . 56308 16.35 L732 16.83 | 0.97 
hes ate ¢ Oni] 2162.88 . 52016 15.70 16.28 I5.99 | 0.58 
20.. °.9 2162.92 59555 16.42 I7.42 16.92 I.00 
iter I.4 2162.583 5310 16.32 7-37 16.85 I.05 
DRESS De 2163.90 5969 16.20 17.25 16.73 I.05 
OY, a Sere Ons 2161.92 4973 16.20 16.55 16.38 | 0.35 
25 BD, RESIN Ika va rosct chery fay ageell Aa Tagen ee 16.45 T7008) || eraeteere 0.61 
7 ra ee 4.6 2162.981 65885 TAG 7a 16.43 rea 
28.. 1G 2162.94 30381 16.48 £7.20 16.85 0.73 
20 teers vgn 2161.83 30865 16.40 ay fae te) 16.87 | 0.97 
BO wns Sars DOU Ne tratenctele lt pctreta ae Reaeke 16.38 LOLOL Olena seer 0.53 
Chak 0.6 2162.02 55405 16.50 E722 £6.86), |0572 
Bone 2.4 2163.73 0.50544 16.50 E22 16.86 | 0.72 
34.. OU 2 eel Re tctcic arena een are een 16.06 TOR7S A epas eer re 0.67 
Ne NOTES ON TABLE V 

3. The light-curve is shown in Figure r. 

5. The period 045072 fits the observations nearly as well as the value in the table. 
8. The adopted period is fairly satisfactory except for the unusually large residual 


20. 
21. 


for the first observation of the series. 


. The magnitude at maximum is uncertain. 
. This is the brightest variable in the cluster and has one of the smallest ranges of 


variation. The period is not quite satisfactory because of the large residuals and 
the gradual rise to maximum; it might be possible to represent the observations 
as well with a period slightly in excess of one day. If the star is double, as is 
suspected but not yet proved, the peculiarities of brightness and range are simply 
accounted for. 

The light-curve is shown in Figure 1. 

The light-curve is shown in Figure 1. 
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24. Although this star is definitely variable, the range is so small that the adopted 
period cannot be accepted with certainty. The first observation of September 21, 
1919, is very discordant. 

25. The period appears to be some sub-multiple of one day. 

27. The light-curve is shown in Figure 1; this variable has the longest period, the 
greatest distance, the greatést range, and, excepting No. 18, the brightest median 
magnitude, 

28. The period is very uncertain. 

30. The period may be something near 0146, but apparently the variation is irregular. 

31. The magnitude at maximum is uncertain because of the lack of observations 
within forty minutes of zero phase. 

34. The period is some sub-multiple of a day, but no satisfactory value has been 

found. This variable, which is the nearest of all to the center and was conse- 

quently measured with some difficulty, is brighter than the average and hasa 

small range of variation. It may be 2 multiple star; compare note on No. 18. 


TABLE VI 
Period No. Maximum Minimum Median Range Distance 
©8500 .-ca ses 5 16M34 17Ma7 16OM81 oMg2 Tae 
On Sh Ons tere, 6 LOes2 Types 16.81 0.99 0.9 
OEb200 sa a0-< 5 16.30 I7.29 16.80 ©.99 hae 
On4Ob sesso 6 16.24 reese 16.78 1.07 | Te5) 
| 
TABLE VII 
ee No. Period Distance Range 
ROMO Rr Toit 5 04549 1/6 1™Mo4 
O29 oe 6 0.488 Teoh I.00 
MOOS castro: 5 On522 0.9 0.99 
TOCOO ete toes 6 0.516 ee 0.89 
TABLE VIII 
Range No. Distance Period Moe 
18 ey Airs aS REA S 1/8 04483 16M74 
Ei OO Aastuaciens yc 6 Tet 0.558 16.77 
Os Oise tears 5 0.9 0.472 16.87 
On 70 aatdasistetis 6 age 0.543 16.81 


All periods are shorter than a day. They show a considerable 
dispersion, but are not grouped into distinct classes as in clusters 
studied by Bailey. Thus we have: 
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Length of Period in Days Number of Variables 

OL BS dite sore ete veistal sletelake a avelatctale rs tere teratetatete I 
OM Cad ort Perenien re riini 5 Ane dane 2 
0.4 Oc 4S i icv capsiatene remem I 
OLAS OLS 50's de sieie alienate ine elmeslee 3 
OS O55 wisracctccsya\acalstalotslaeiteenstorctatavete teers 6 
Os'S5 =O; O25 rein syle tietereatnepateorsratora neuer ets 8 
SOL Oars sis aiereie, cvetsrelet tia sone state stebetat atenetener ons I 


The mean value of the period is 04517. 

The average value of the range in photographic magnitude is 
©.99, with extremes, among the well-determined cases, of 1.43 and 
0.66. The light-curves, so far as our observations are competent 
to say, all belong to the type usual in clusters, that is, to Bailey’s 
subclass a, except that Nos. 12, 24, 25, and 34 might be assigned 
to subclass C, and 1, 20, and 27 to subclass 0. 

The median magnitude and its probable error is 16.80+0.05, 
or, if No. 27 is included, 16.78+0.09. The effect on the probable 
error justifies the exclusion of No. 27. 

Using the methods outlined in Mount Wilson Contributions, 
No. 151, we derive for Messier 72 a sir of 0%000039, to which 
corresponds the space-position 


R=25.6 
R cos B=21.2 
R sin B=—14.3, 


where R is the distance in kiloparsecs and 8 is the galactic latitude. 
This value of the distance differs about 13 per cent from the value 
obtained in Mount Wilson Contributions, No. 151. The cause of the 
divergence can be traced to the unusually small difference of mag- 
nitude between the twenty-five brightest stars and the median 
(m,;—med = 16.80—15.86=0.94). For Messier 68, reported in 
Mount Wilson Coniributions, No. 175, this same difference was also 
found to be smaller than the value adopted for earlier computations 
of the distances of clusters. A revision of the earlier work, based 
on a new value of m,;— med, may therefore be necessary, but appar- 
ently it would involve only a systematic decrease of the distances 
by 6 per cent or less. 
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THE SPECTROSCOPIC ORBIT OF THE CEPHEID 
VARIABLE X CYGNI 


By JOHN C. DUNCAN 
ABSTRACT 


Cepheid variable X Cygni—aA brief summary of previous observations relating 
to this variable is given. From twenty-three spectrograms made at Mount Wilson 
with the 60-inch reflector and single-prism spectrograph, the elements of the spectro- 
scopic orbit have been computed. The values of K (28km/sec.), of asin 7(6, 121,000 km), 
and of the mass-function (0.034) are remarkably large. The probable error for a 
plate is large in comparison with the deviations in the measures of a single plate 
made by different observers; but there is no evidence of a secondary oscillation. 


The variable star X Cygni (a=20539™5, 5=+35°14’; 1900.0) 
was discovered by S. C. Chandler’ in 1886. Ofa number of published 
determinations of its photometric elements, the best is probably 
that of M. Luizet,? which is based on observations covering 554 
periods and made by eight different observers. Luizet gives as 
the time of maximum brightness 


J.D. 2410190 .684 (Paris M.T.)+ 16438543 E, 


and finds that, though the maxima and minima are repeated with 
regularity, the amount of the change of light is not constant, 
the magnitude at maximum ranging from 6.5 to 6.2, and at 
minimum from 7.4 to 7.2. Secondary oscillations appear in both 
the rising and the falling branches of the curve. The duration 
of the increase of light is 641. 

The spectrum as classified at the Harvard Observatory is Fs, 
peculiar. Like other Cepheids, the star is bluer and has stronger 
hydrogen lines at maximum brilliancy than at minimum. The 
variation in the radial velocity was discovered by Frost.’ 

Table I gives a list of the spectrograms of X Cygni taken at 
the Mount Wilson Observatory. They were made by Messrs. 
Adams, Joy, Strémberg, Sanford, Merrill, and Duncan, with the’ 


t Astronomical Journal, 7, 32, 1886. 
2 Astronomische Nachrichten, 193, 83, 1912. 3 Astrophysical Journal, 25, 60, 1907- 


395] I 


2 JOHN C. DUNCAN 


60-inch reflector and single-prism spectrograph, using the 18-inch 
camera. All were measured by Miss Brayton and Mr. Duncan, 
and some also by Miss Burwell and Messrs. Adams, Joy, Stromberg, 
and Sanford. No systematic differences in the measures were 
found, and the column headed “Velocity” gives the mean results, 
reduced to the sun. The Greenwich mean time given in Table I 
refers to the middle of the exposure. The phase is the number of. 
days after maximum light according to the elements of Luizet. 


TABLE I 

Plate | . : Number 
Number Date. G.M.T. J.D., G.M.T. Phase | Velocity | O—C of 

~ Measures 

7 km/sec. | km/sec.) 
6353-.-.| 1917 Nov. 3 165o3™ |242 1536.669 | 74273 | +16.2 | —2.2 6 
6358... 4 18 05 1537-754 | 8.358 | +24.2 | —o.8 5 
72134.|| 1916 AUS. 27 922035 1823.939 | 15.991 | —14.8 | —0.9 4 
8261..| 1919 June 8 22 05 2118.920 | 16.034 | —17.4 | +0.2 2 
8320.. July 3) 22701 ~ 52143018) 58.265) |} (1-26.21) 4-220 2 
S330. Se Age 2145.884 | 10.227 | +40.4 | +6.6 2 
8341. Tf BE IS 2147.927 | 12.270 | +31:0 | —3.0 2 
8348. 8 22 49 2TASROS TEMES: 204 elleta 27 nal aa 2 
S35 7iae TOMEZORGY 2150.858 | 15.201 | — 6.6 | —o0.4 3 
8363.. TISEZONSO 2151.861 | 16.302 | —23.0 0.0 2 
8370.. I2 20 10 2152.841 0.798 | —17.4 | +2.6 2 
8375.. L3 eTORAO 2153.824 1.781 | —16.6 | +0.6 2 
8387.. T4 22 16 2154.928 2.885 | — 7.2 | +3.8 2 
8400. . Te 22102 2155.919 3.876 | — 6.0] —1.5 2 
8412.. I7 18 50 2157.868 O25 \ ict 5204 — 30 3 
8436.. £0) 1813 2159.843 7.800} +-20.0 | —1.7 2 
8478.. Ali oeOme2 tate. 2177.885°| 06.457 | +34.2 | +3.5 2 
8482... 7 18 46 2178.782 | 10.354 | +38.6 | +4.4 2 
SIO, & Io IQ 59 2181.832 | 13.404 | +23.7 | —o.1 2 
S523. TOM 2 Tele 2181 .883 | 13.455 | +19.4 | —4.5 2 
8545... amp.” Bey) 56) 2182.868 | 14.440 | +14.4 | +7.3 2 
8689.. Sept. 10 I5 55 2212.663 | 11.465 | +33.6 | —2.5 2 
8692... IO 20 45 2212.865 | 11.667 | +32.0 | —3.6 72 


Preliminary elements were derived by the method of Lehmann- 
Filhés. As no planimeter was available, the necessary areas were 
determined by tracing the velocity-curve on thin paper, cutting 
out the areas, and weighing them on a chemical balance. Luizet’s 
photometric period was assumed as the orbital period, and there 
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appeared no good reason for changing it. The preliminary elements 
are: 
K=28.0 km/sec. 
w=FIO" 
€=0.25 
T=15%o after light maximum 
y=+o9.5 km/sec. 


A least-squares solution was based on these elements, the 
observations being given equal weight and grouped to form eighteen 


Km/sec. 
eS eee ee ee 


+40 


Soe oe 
Bs Ca 


Bog | tt ttt Bo 
meee a See 
° 4 8 


Fic. 1.—Velocity-curve of X Cygni. Abscissae are intervals after maximum 
light; the radius of the circles representing the observations is equal to the probable 
error of a single plate. 


ee 


—20 


12 et ea 


normal places. The period was not included in this solution. 
The following elements were thus obtained: 

K=28 030.73 km/sec. 

w =98°214°9 

€ =0.246+0.027 

T = 14955709523 

vy =+09.32 km/sec. 
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By the least-squares adjustment the sum of the squares of the 
residuals was reduced but slightly, from 78.07 to 76.24. 

As w and T were the only elements greatly changed, and as 
they showed the greatest probable errors, a second solution was 
made with these as the only variables. The results were 


@ = I10L- 14.3, 
T = 141685 +0%169. 


The sum of the squares of the residuals was again slightly reduced, 
this time to 75.22. The finally adopted elements, from which the 
residuals given in Table I and the velocity-curve shown in Figure 1 
were computed, are: 


P= 16938543 
K=28.03 km/sec. 
@ =I01°1 

€ =0.246 


T =144685 after light maximum 
vy =+9.32 km/sec. 
a sin 4=6,121,000 kilometers 
m: sind 4 _ 
(m-tmp 0°84 
Maximum negative velocity occurs o?7 after maximum brightness 
Maximum positive velocity occurs 141 after minimum brightness 


The values of K, a sinz, and the mass function are considerably 
larger than in the case of any other Cepheid which has been spec- 
troscopically investigated. The probable error of a single plate, 
computed from the residuals in Table I, is +2.44 km/sec., a 
value much larger than the good agreement of the different measures 
on each plate might have led one to expect. There seems, however, 
to be no good evidence of a secondary oscillation in a period com- 
mensurate with that of the principal one. 


Mount Witson OBSERVATORY 
August 1920 
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AN EXAMINATION QF THE INFRA-RED SPECTRUM OF 
THE SUN, 2 8900-A 9900 


By FREDERICK S. BRACKETT 


ABSTRACT 


Photography of infra-red spectra to } 9900.—In previous work scattered light has 
been a serious obstacle to the extension of observations into the infra-red. By using 
a monochrometer with the second slit removed the author eliminated scattered light 
and obtained, on plates sensitized with dicyanin, spectrograms of even intensity 
which show fine structure to X9850. This limit seems to be fixed in astronomical 
work by Langley’s broad atmospheric absorption band ¢. Below \ 9400 a water 
solution of malachite green is recommended as a screen since it is almost opaque to 
wave-lengths shorter than \ 7200. 

Infra-red solar spectrum > 8900 to \9900.—Spectrograms made in the first order of 
a 1I5-foot concave grating mounted in the constant temperature pit of the Pasa- 
dena laboratory gave the wave-lengths of 563 lines to about o.orA, at least as far 
as Xg650 (Table I). To determine the origin of the lines, solar-rotation photographs 
were made with the 13-foot spectrograph of the 60-foot tower telescope, and spectro- 
grams taken under conditions of low and high humidity were compared. It was found 
that 45 and possibly 70 lines, including one-fifth of the fainter lines observed, are of 
solar origin, while 60 of the stronger diffuse telluric lines broaden remarkably as the 
humidity increases and hence undoubtedly form an absorption band due to water vapor 
between \ 9300 and \g650. Of the solar lines, 14 are attributed to iron and 1 or 2 to 
nickel. 


The investigator is naturally attracted to the less refrangible 
end of the spectrum by the fact that the characteristic displace- 
ments due to some of the most interesting spectroscopic phenomena 
increase with increasing wave-length, among them being the 
Doppler effect, the Zeeman effect, pressure shift, and the possible 
Einstein effect. But before work of precision can be done in any 
region, it is desirable, if not absolutely necessary, to make some 
preliminary survey of the field. In the case of the infra-red 
spectrum of the sun the work of Dr. Meggers, which he has been 
kind enough to furnish the Mount Wilson Observatory in advance of 
publication, gives identifications and wave-lengths down to gooo A, 
and it is the purpose of the present investigation to extend these 
results as far as can readily be done with dicyanin-bathed plates. 

Since Dr. Meggers published his map of the solar spectrum from 
6800 A to 9600 A,! frequent attempts have been made to extend 


t Astrophysical Journal, 47, 1, 1918. 
399] I 


2 FREDERICK S. BRACKETT 


the limit to still longer wave-lengths by photography with plates 
bathed in dicyanin, but until recently the attempts have met 
with little success. In March, 1920, Dr. K. Burns’ published his 
photographs showing the more outstanding structure to almost 
ggo00 A. Onall of these plates, however, much of the finer structure 
beyond 9200 A appears to have been lost. That the chief cause 
of this lack of contrast is scattered light there can now be little 
doubt. When the present investigation was first undertaken, it was 
believed that the chief difficulty was the loss of defining power in 
the lenses, due to a rapid change in the properties of the glass with 
increasing wave-length. But the appearance of a ghost of the 
B group between g600A and 9700A on a plate taken with the 
13-foot spectrograph of the 60-foot tower telescope seemed to 
prove that the presence of scattered light was responsible. 

In order to establish this fact with certainty, a series of tests 
was made in the laboratory with a one-meter concave grating. 
Exposures were first tried with a screen opaque to wave-lengths 
shorter than 6400 A. On these plates the contrast fell off rapidly 
beyond 9200 A, until even the strongest lines were lost at g600 A. 
Exposures were then made through a water solution of malachite 
green. A screen more than a centimeter in thickness proved 
almost opaque to all wave-lengths shorter than 7200A. Photo- 
graphs taken with this screen were much superior to those pre- 
viously obtained and showed lines well beyond 9750A. For 
infra-red work at wave-lengths shorter than 9400 A this type of 
screen may be strongly recommended. 

As screens opaque to still longer wave-lengths, and at the same 
time transparent beyond goooA, were not available, the only 
possibility of further progress lay in preliminary analysis. For 
this purpose a Hilger monochrometer with the second slit removed 
was set in collimation with the spectrograph. It was found that 
when the first slit of the monochrometer was open about. two 
millimeters, light extending over several hundred angstroms was 
admitted to the slit of the spectrograph. 

By calibrating the screw of the monochrometer, settings could 
be made which would admit any desired range of spectrum. 


* Lick Observatory Bulletins, 10, 64 (No. 327), 1920. 
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Moreover, this adjustment could be changed during the exposures, 
so that the intensity could be adapted to the sensitiveness of the 
plate for a given wave-length. This made it possible, even in the ex- 
treme infra-red where the sensitiveness falls off rapidly, to obtain 
photographs of even density throughout a long range of spectrum. 
Plates made with this arrangement.showed sharply defined lines as 
far as the slightest trace of continuous background could be detected. 

The monochrometer was used with a 15-foot Anderson concave 
grating in a Rowland mounting placed vertically in a constant 
temperature pit, and photographs were taken which show the 
fine structure to 9800 A. The first order of the grating was used, 
giving a scale of about 3.7A to the millimeter. Although the 
grating proved quite fast, the system was optically slow; the 
aperture ratio was f/45 and much of the light was lost because 
of the astigmatism characteristic of the Rowland mounting, 
when used at the large angle necessary for the infra-red, even in 
the first order. 

The best dicyanin at hand at the time the investigation was 
begun was of old German stock, which proved slightly superior 
to that obtained from the Bureau of Chemistry of the Department 
of Agriculture. Exposures ranged from seven to twenty-one 
hours, extending over as many as three days. This is the most 
rigorous test to which the mounting in the constant temperature pit 
has been subjected and proves clearly its merit, since even these 
long exposures show practically no loss of definition. The longest 
exposure reveals lines to almost 9900 A; the portion of the spectrum 
between g600 A and ggoo A shown on this photograph is reproduced 
in Plate XXIc. 

In February of this year, however, a shipment of dicyanin 
labeled A VI-8 was received from the Bureau of Chemistry which 
proved much faster than anything previously used. Photographs 
on bathed Seed 23 plates were obtained in seven hours which 
showed lines beyond 9800 A. 

In order to determine the wave-lengths of lines which could be 
used as a basis for the reduction of the plates, exposures were 
made on the same plate to the second-order iron arc and to the 
first-order infra-red solar spectrum. The light from the arc was 
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thrown directly upon the slit by two small prisms on either side 
of the beam from the monochrometer. Because of astigmatism, 
however, all the lines extend entirely across the plates. All 
screening arrangements near the plate were avoided on account of 
the danger of moving the plate-holder. The arc exposure was 
made in five parts, distributed symmetrically throughout the solar 
exposure. The illumination of the grating by both arc and sun 
was carefully adjusted, so that any possible displacement due to 
differences in illumination would presumably be small. As the 
grating used is one of the most perfect, the coincidence of the two 
orders can be subject to little question. The two plates obtained 
agreed perfectly. Itis to be regretted, however, that lack of time pre- 
vented checking them by a different set-up. In measuring these 
plates all lines were avoided which showed any suggestion of blend. 

The rotation plates for the separation of the solar and telluric 
lines were taken with the 13-foot spectrograph of the 60-foot 
tower telescope, which projects an image of the sun about 6.7 
inches in diameter. Although lenses are used in both collimator 
and camera of the spectrograph, it was found that a fair focus 
could be obtained over the whole region. The chief difficulty in the 
work proved to be the many adjustments necessary for both the 
monochrometer and the spectrograph. The 13-foot spectrograph 

-is a two-lens system with one reflection, and the grating is set at 
a considerable angle, so that the dispersion is considerably greater 
than normal, thus giving a scale in the infra-red of the first order 
of 3.3A to the millimeter. Although the aperture ratio of the 
system is limited by the telescope to {/60, being non-astigmatic, it 
proved over twice as fast as the 15-foot concave grating. 

Because of the already complicated optical system, the use of 
prisms to unite the beams from the limbs of the sun was not 
attempted. A simple exposing screen in front of the slit was used. 
The exposure for one limb was made in two parts, one before and 
one after the exposure for the other limb, so that any mechanical 
shift would not introduce a displacement. 

Photographs of the spectrum of the center of the sun were 
also taken, in order to determine the wave-lengths of the solar lines. 
As these plates were taken in the middle of August, a correction of 
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+o0.009 A had to be added because the earth was then approaching 
the sun. Inasmuch as the period of exposure was longer in the 
afternoon than in the morning, a slight correction, —o.002 A, 
had to be subtracted. A total correction of +0.007A has therefore 
been applied to all solar wave-lengths. 

Fortunately, plates were secured at times of both high and 
low humidity. An examination of these plates on a comparator 
showed beyond 9300A a remarkable broadening of the lines on 
photographs taken during high humidity, which is entirely inde- 
pendent of exposure time, appearing alike on plates of different 
densities. As the mean altitude of the sun was about the same 
for all exposures, there can be little doubt that this effect is due to 
water-vapor. In the list of wave-lengths only those lines which 
showed the most marked effect have been attributed to water- 
vapor, although it is quite likely that others than those so designated 
are due to this source. 

The reduction of the rotation plates showed roughly 10 per 
cent of the five hundred lines measured to be of solar origin. Of 
these, fourteen may be attributed to iron and possibly one or two 
to nickel. In the region between 9300A and g650A over sixty 
broad diffuse lines appear which are due to water-vapor. 

In measuring the plates the chief emphasis has been laid on 
consistency. The wave-lengths recorded represent measures made 
on from two to eight plates. In the region from gooo A to g650A 
the wave-lengths should be reliable to less than 0.01 A, except 
where the line is marked with an “a.” Beyond 9650A the wave- 
lengths are determined by extrapolation, and systematic errors may 
enter. 

On the first plates obtained intensities were estimated between 
oo and 10, but on the later plates showing both fainter and broader 
lines, they were classified between 000 and 12. In the case of the 
water-vapor lines this classification is not altogether satisfactory, 
since at times of high humidity some of them extend over several 
angstroms. ‘These lines also present special difficulty in measure- 
ment, not only because of their broad diffuse character, but also 
because they do not widen symmetrically with increasing humidity. 
Their wave-lengths are merely approximate. 
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The separation of the solar and telluric lines is based chiefly 
upon two rotation plates. As the Doppler displacement due to 
solar rotation is of the order of 0.13 A, there is little doubt as 
to the origin of well-defined lines. But if the lines are diffuse, 
unsymmetrical, or blended, question arises. If noticeable dis- 
placement occurs on one plate but not on the other, a question 
mark has been placed after the S, which is used to indicate lines 
of solar origin. If the evidence of blending is unmistakable it has 
been indicated by A, S. Lines due to water-vapor have been 
indicated by w, and lines showing decided asymmetry by V or R 
placed after the intensity, according as the line is shaded to the 
violet or the red, respectively. Where lines were not completely 
resolved, it has been indicated by joining the intensities by brackets. 
Where they were practically unresolved, U has been placed after the 
bracket. Broad lines have been indicated by B. 

In conclusion it may be stated that the monochrometer, used 
instead of a screen, has certain unquestionable advantages over 
any of the screens at present available: (1) it removes all scattered 
light from the background and makes it possible, by increasing the 
exposure sufficiently, to obtain the very faint lines, which are 
especially important in the region under investigation; (2) it is 
faster than the battery of screens found necessary to remove 
even the major portion of the extraneous light in the region beyond 
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9400 A; (3) it presents for any limited portion of the region a very 
convenient method of grading the exposure to suit the sensitiveness 
of the plate. 

The results of the investigation show (1) that at least one-fifth 
of the lines of o intensity or less are of solar origin; (2) that one- 
third of these solar lines are due to iron; (3) that a very strong 
_water-vapor band exists between 9300 A and 9650 A. 

The fact that in the present case, as well as in the recent work 
by Burns and also in the early investigations of Abney, it was 
found impossible to photograph beyond ggoo A is probably to be 
explained by the presence of the strong absorption band at about 
1p, which was designated by Langley’ by the symbol ¢. The 
rapidly falling sensitiveness of the plates renders it impossible to 
photograph any portion of the spectrum beyond this band. 

I am indebted to Mrs. Brackett for the computation and reduc- 
tion of the measures, and to Dr. St. John and Mr. Babcock for 
furnishing me with wave-lengths in both sun and iron arc based 
on the International system. It gives me great pleasure to express 
my appreciation to these and also to other members of the staff 
for their interest and help. 


Mount WILSON OBSERVATORY 
September 1920 


t Annals of Smithsonian Astrophysical Observatory, 1, 1900. 
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THE VARIATION WITH TEMPERATURE OF THE 
ELECTRIC FURNACE SPECTRUM OF 
MANGANESE 


By ARTHUR S, KING 
ABSTRACT 


Variation of the electric furnace spectrum of manganese with temperature to 2400°.— 
The spectrum produced in the tube-resistance furnace at 1700°, 2000°, and 2400° C. 
was examined from \ 2795 to A 8200: but no lines were found beyond \ 6500. TableI 
contains the relative intensities of the lines in the arc spectrum and in the furnace 
spectra for the three temperatures; it also gives the temperature classification of these 
lines according to the method used in previous articles, Some lines observed at 1560° C. 
are given in Table II; the triplet \ 4031 to \ 4035 was still strong and well reversed at 
this low temperature. As with other furnace spectra, the ultra-violet wave-length 
limit is shorter the higher the temperature. In the discussion the interesting behavior 
of some of the lines is pointed. out. None of the enhanced lines given by Lockyer 
occur in the furnace spectrum. 


The following results for the furnace spectrum of manganese 
were obtained by the methods used in previous studies of metallic 
spectra.1 Manganese metal was used in the tube furnace, the 
inclosing chamber being pumped to a pressure of a few millimeters. 
Temperatures of approximately 1700°, 2000°, and 2400° C., desig- 
nated as “low,” “medium,” and “high,” respectively, were 
employed in studying the range of spectrum from } 2800 to A 6600. 
The peculiarities of the spectral lines as regards the temperature 
at which they first appear and the rate of increase with rising 
temperature have been tabulated from these data. 

The spectrograms were made for the most part with the first 
and second orders of a fifteen-foot concave grating, while the very 
bright spectra given by the second order of a one-meter grating 
were used for a few photographs. 

The operation of the furnace, when the tube was charged with 
manganese, was without notable features other than the lack of 

* Mt. Wilson Contr., Nos. 66, 76, 94, 108, 150, 181; Astrophysical Journal, 37, 
230, 19133; 39, 139, 1914; 41, 86, 1915; 42, 344, 1915; 48, 13, 1918; 51, 179, 1920. 
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carbide formation, in which this metal contrasted strongly with 
iron. Instead of sticking to the tube and gradually eating through, 
the manganese vaporized and then, in diffusing from the tube, con- 
densed in the cooler portions at the ends, leaving but little residue 
in the hotter region. This necessitated frequent renewal of the 
charge of metal during the run. 

In order to hold the temperature unchanged during the rather 
long exposures at low and medium temperatures, direct current 
from a large generator was frequently used on account of the close 
adjustment of voltage which can be made. As in the case of the 
iron spectrum, no difference was observed between the effects of 
direct and alternating currents at a given temperature. 


EXPLANATION OF TABLE I 


The first column of Table I gives the arc wave-lengths measured 
by Exner and Haschek,? except in a few cases for which the wave- 
lengths of close doublets, on the International System, were taken 
from the measures of Kilby. Frequent references to notes at the 
end of the table are indicated by asterisks, while a dagger means 
that the line was found by Kilby to be decidedly stronger in the 
spark than in the arc. 

As in previous papers, the remaining columns give the intensity 
estimates for lines in the arc and for three furnace temperatures. 
Nebulous lines are indicated by “‘n”’ after the value of the intensity, 
while “‘r” and “R” indicate partial and complete self-reversal. 
Lines of Class I and Class IT are strong at low temperature, those 
of Class II strengthening more rapidly as the temperature rises. 
Lines of Class III are absent or faint at low temperature, but appear 
at medium temperature, and are usually considerably stronger at 
high temperature. Class IV appears at the highest furnace tem- 
peratures, while Class V is usually absent in the furnace. “A” 
after the class number indicates that the line in question is rela- 
tively weak in the arc—usually not more than half as strong as 
in the high-temperature furnace. 


* Mt. Wilson Conir., No. 193; Astrophysical Journal, 52, 187, 1920. 
2 Spektren der Elemente bei normalem Druck, Leipzig, 1911. 


3 Astrophysical Journal, 30, 243, 1909. 
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TABLE I 
TEMPERATURE CLASSIFICATION OF MANGANESE LINES 
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PROP MONRL oes I50R 150R 150R I50R I 
4034 .022 000s 10oR I00R 10ooR 1ooR I 
ASSES ROOM ers 15 15 I5 I2 I 
AOAT AS Bice aelere 5or 35 30 25 if 
AOA Satan nine Pant CR An AAVAPY Kern E i Sep ty a anid, die V 
4048.90...... 15 15 12 Io I 
AOS'S Le Owen 20 20 18 15 il 
AOS on LORenine 7 SET ah Weert acum eRCEANS| (ey apenas my Naaeeeieted| Pa ryar Ss UF V 
AO5O,O0 hei is IO 12 IO 8 I 
AOC OMEGA camels 5 ? CEO Aa ee eeteuee eenstets IV 
ZOO TOON. ssi RMN eosin See rts Mention aaa as Ie he os setae Vv 
A003) 70" Nes 8 8? 8? 6? I 
AOTOVAS eine 5 6 5 3 II 
BOT Ons oun 12 I5 12 Io I 
AOTQ OL Io 12 Be) 8 I 
AOS Bralneees 12 Ts 15 12 if 
AOS2n Oa 12 15 15 12 I 
4235.125* 6 2 2 I II 
4235 .300* 8 6 6 4 I 
A22O NOON aes 5 2 2 I II 
ADG MOQ ures 5 2 2 I 1M 
A200NO se 6 2 2 I II 
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TABLE I—Continued 


FuRNACE INTENSITIES 


N 
2 . Arc — 
yee INTENSITY « High Medium Low ae 
Temperature Temperature Temperature 
ADESSO can) 6 3 3 2 II 
PACD Gtr Be © 3 ? I tr II 
BAT2 OR ee os 3 Tonk || cee conentearnineasrota erent cs eeeeeaee IV 
BAER OAS <6 aes Io 6 5 3 II 
4430.52 8 6 4 I Til 
12 WR Bs bo ie I5 12 se) 6 II 
AASZ ATOR AGRE 6 5 2 I Tit 
AQSS (2060 seis = 4 2 tr Til 
AACR See ce 6 ? ae Te Ill? 
4456.02 6 5 2 tr III 
BACT OUP ae 5 3 I tr iil 
BAST EROS... 8 2 ? 2 P 
BASS 48... -4 12 8 4 2 II 
4460.59*..... 3 ? 2 ? i? 
AAOTS 20. ae 8 4 2 tr Til 
BAGZS2O ee 20 I2 6 2 Ill 
4464.88...... 8 8 5 3 II 
BATORS So wishes 6 6 4 I Til 
AAT DOO meeiees 5 5 3 I III 
BROC G2 Fire sols 5 6 4 I Til 
AAQOCOO® -1.-)- 7 8 6 2 Il 
AROD PAO tae. Fh 8 6 2 Iil 
AGO eS 26 eee AD Qh Serle Se ell astern nics) | sere errant Vv 
4026),.00. 25,01. 4 3 DA OP is Mara veto crete Til 
AOTLECO we. one Be Na ateiae ea hae a pon omens ete tie omen Ieae | sterereterens erates V 
ATOLSRE ye sts ce Ream W caceteto ot en ites een aren ace Vv 
A7OO, OOb 2 a> Io 6 4 I III 
2 5 hay (op dra Io ? 4 I Til 
fly EAD RENO ete 8 6 3 I Ill 
BEAT DA Se enles 50 50 60 40 1p 
BOG T Sc ce : Io Io 6 mt III 
AF ODSOO es aes 30 25 20 5 Til 
A7OO.08..c 00 Io Io 8 2 III 
A700. 03 se-0.5.5 20 20 I5 4 Ill 
ATOZ Oo ees 50 50 60 40 i 
AS 2S47 Lins siete's 50 50 60 40 I 
AOHO0TO3.. saa. 3 2 Be ean Agone Til 
BOOKWO Rue os 2 2 Ti) p iicterthe severance III 
ROMA eet oe Been PRR paper ratacare ain lontela eerste stiell cusienewe boys sieaae Mi 
GOVALO2 pone: Di WU retayssicsiatare a aie avstpuaswer. ola wutes & | ogeraravastacsealacets 
BLLSL LON as os BBM IAB tat ey ctecaraairare | (a oor asst Socaer tance | syacetets Poca eae Fe Vv 
REG eel Oe prasad: BM aseoctalerstavererall staat | ctersta cue etncrers Vv 
TOO Oma se. 2) eS p eat Wes ee nu eae Til 
SLOT AO aati. I | PUB Sil reeaucetotetecresi cell ese Ba tiet aaron IV 
B25 eeAG aoe: 4 4 ch lbeaseoasaa as Ill 
SSA TRIOS ec 20 50 25 4 IITA 
877 OO tesa 6 ik CP See il sie semstowroretc ts Til 
BBOAU SOL s+ 2 « se) 30r 30 30 IA 
B3GQs7O ance a 4 2 Tig Aa Ghatencser Til 
BAT AO 7 eee 5 Io 8 2 eae 
DIeOOm vais: 2 Dopey Place eae etteds avs eeotecetate parses 
eG. RN Io 20 8S g) UIA 
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TABLE I—Continued 


FurNACE INTENSITIES 


rN 
cna InteNsiy High Medium ow waa 
Temperature Temperature Temperature 
Petri Me A 35 35 IA 
eae : — ; t TTA 
BAT ONOO Marie 8 20 Io 4 IIA 
BASTLOL dae 4 ike) 5 2 ITA 
BSOOmTON ear: 2 ? 3 I iil 
IS Se OO metre ets 7 20 Io 2 IIA 
5537-99"... 5 ? 5 I Ut 
GOLSET Ame nei 30 30 6 a iil 
6016.90...... 40 40 Io 2 Ill 
GO22zOSm asin 50 50 12 3 Ill 
6384.88...... Peet A ENS Lei MO erie lla so ee pic.cacet V 
OLIGR Tae S 2 4 De ALS A S eae eras TIA 
O4AT TAS Noa. 8 PEN CA Neato ratecar Striceno IV 
O40 02) eee). I5 By os) piela ys aeee tase ye tell yacceo Med tees IV 
QR i ocsana 6) 1 EAP PO AOA cistcol sco ocd bin ot WW 
oN REMARKS 
2926 Close doublet, just resolved. 
2940.3, 2040.5 Doublet measured by Kilby. Exner and Haschek give 2940. 50. 
30907 Double. Arc components about equal. 
3102 Furnace line may be partly Ni. 
B27, 3225 Pure absorption lines at high temperature. Partial absorption 
at medium temperature. 

BER2 ily SOR ay d’s by Hasselberg. Exner and Haschek give 3532.20. 
3578-3587 Disturbed by carbon. 
3607 Close doublet. 
3702 Concealed by continuous ground at high temperature. 
3799-3844 Disturbed by carbon. 
3922, 3924 Concealed by continuous ground at high temperature. 
4045 Close doublet. 
4060 Disturbed by carbon. 
4064 Blend Fe. Probable intensity of Fe line subtracted. 
4235 Doublet measured by Kilby. Exner and Haschek give 4235.41. 
4313 Disturbed by carbon. 
4455-4457-4450 Blend with impurity lines. 
4728 Disturbed by carbon. 
5341 Probably double. 
Citoli, Gees Disturbed by carbon. 


DISCUSSION OF RESULTS 


Several groups of lines whose behavior is of special interest 
may be noted. The first is the strong triplet at \X 2795, 2708, 
2801. ‘These lines reverse widely in the high-temperature furnace. 
The emission wings fill up the space between the lines, but are of 
low density. The effect is that of three absorption lines on a weak 
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continuous ground. No temperature stage has been found which 
gives these as narrow emission lines. Presumably they will occur 
as such at high temperature when a trace of manganese is present, 
though an examination ef some iron spectrograms failed to show 
them. At reduced temperature the lines are not narrow or indeed 
visible at all, because the furnace spectrum does not then extend 
so far into the ultra-violet. This is a peculiarity often met with 
in furnace spectra; lines in the ultra-violet having the charac- 
teristics of low-temperature lines require high temperatures for 
their production because the low-temperature spectrum ceases 
before this wave-length is reached. The effect is so general with 
different elements that there seems to be no reason to ascribe it to 
absorption by a vapor within the furnace. 

At about \ 3000, the medium temperature begins to show some 
lines distinctly. ‘The prominent lines up to this point, in addition 
to the 2800 triplet, are those of the series triplet AX 2915, 2926, 
2941, of which the last two are clearly complex and probably also 
the first. The components of \ 2926 are resolved in the furnace 
spectrum. This triplet is given by Kayser and Runge’ as belong- 
ing to the same series as AA 3532, 3548, 3570, lines which are also 
complex; but the two triplets appear in different temperature 
classes because the member of shorter wave-length occurs at the 
extreme limit of the medium-temperature spectrum. 

dA 3217 and 3225 show a peculiar behavior. At high temperature 
they are simple absorption lines, with no sign of emission wings. 
Their strength at medium temperature is uncertain, the emission 
being partly neutralized by absorption, while at low temperature 
they are sharp emission lines. No other lines of this type occur 
in the spectrum. 

The tendency, which prevails throughout the spectrum, for 
lines of similar type to appear in groups is illustrated by those 
from 3442 to 43498. They are absent in the furnace but strong 
in the arc, and yet stronger in the spark. They are thus enhanced 
lines of intermediate type. None of the enhanced lines given by | 
Lockyer? occur in the furnace spectrum. 


t Abhandlungen der K. Preuss. Akad. der Wissenschaften, 1894. 
2 Solar Physics Committee, Tables of Wave-Lengths of Enhanced Lines, 1906. 
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The series triplet \ 3532 to 43570, each member of which has three 
components, is also strengthened in the spark. In the furnace 
these lines appear between 1600° and 1700°, but strengthen very 
rapidly with increasing temperature. 

The prominent low-temperature group between Ad 4000 and 
Aloo contains the very sensitive triplet dX 4031, 4033, 4035. 
These lines are of extreme persistence, occurring very generally as 
impurity lines in arc spectra. Their intensity in the furnace 
seems to depend very largely on the vapor density, and with an 
ordinary charge of manganese present they are always widely 
reversed. This was the condition at the lowest temperature used, 
1560°, when.most of the low-temperature lines were barely regis- 
tered on the plate. The intensities of this triplet given in the table 
therefore signify little relatively to the general run of the manganese 
lines. At low temperature, with much vapor present, they can be 
made much stronger than at high temperature with less vapor. 
The extreme sensitiveness of these three lines to anomalous dis- 
persion, the degree of which is found to depend on the tendency 
of a line to reverse, was noted in a former paper. 

The group in the blue near 4 4450 consists of strong arc lines 
which are relatively weak in the furnace, being for the most part 
in Class III. Near \ 4800 several prominent furnace lines occur, 
among them the triplet of Class I, AX 4754, 4784, 4824. These are 
very strong at low temperature and are placed by Kayser and 
Runge in the first sub-series, another member of which is the 
triplet at AX 3148, 3161, 3179. The latter lines are beyond the 
range of the low-temperature furnace, appearing faintly at medium 
temperature. 

Near ) 5400 is another set of prominent lines, which in general 
are relatively stronger in the furnace than in the arc, a class not 
noted in other parts of the manganese spectrum. Ad 5305 and 
5433 are remarkable for their strength at low temperature. 5341 
is stronger than either of these at high temperature, but falls off 
rapidly below 2000°. The temperature of the furnace, especially 
in the lower range, may be closely gauged by the relative intensity 
of \ 5341 as compared with \ 5395 or \ 5433. 

* Mt. Wilson Contr., No. 130; Astrophysical Journal, 45, 254, 1917. 
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The red end of the manganese furnace spectrum is weak, 
except for the triplet at \6014 to \6022 and this fades rapidly with 
decreasing temperature. The spectrum was photographed with 
dicyanin-bathed plates a$ far as ) 8200, but no lines were found in 
the furnace beyond \ 6500. 

Table II lists what may be regarded as the residual furnace 
lines. The intensity estimates were made from a spectrogram of 


TABLE II 
MANGANESE LINES IN FURNACE AT 1560° C. 
nN Intensity nN Intensity 
3806.90 2 4055.70 5 
3823.64 I 4059.09 I 
3834.50 I 4063.70 I 
4018 .28 3 4079.38 
4030.92 tooR ee : 
4033.21 75R 4083 .II 2 
4034.62 50R 4083 .82 
4035 .88 3 4754.24 10 
4041.53 Io 4783 .62 Io 
4048 .go 3 4823.71 10 


long exposure taken with the one-meter concave grating. The 
temperature of the furnace read 1560°C. ‘The lines of the triplet 
4031 to A 4035 are strong and well reversed. Evidently they are 
emitted at a considerably lower temperature than that used here. 
The other lines in Table II are the most pronounced low-temperature 
lines and in some cases are just strong enough to be distinctly 
registered. AA 5394.89 and 5432.75 would doubtless be listed 
among these lines if the photograph had included the region. 


Mowtnt WILSON OBSERVATORY 
November 1920 
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THE PARALLAXES OF 1646 STARS DERIVED BY 
THE SPECTROSCOPIC METHOD 


By W. S. ADAMS, A. H. JOY, G. STROMBERG, anp 
CORA G. BURWELL 


ABSTRACT 


Spectroscopic method of determining absolute magnitude and parallax.—Some 
years ago it was discovered that there is a correlation between the relative intensities 
of certain spectral lines and absolute magnitude for stars of the more advanced spectral 
types. In the past three years a large number of new trigonometric parallaxes has 
become available and has enabled this correlation to be established more accurately. 
For the stars for which trigonometric parallaxes have been determined the absolute 
magnitudes have been computed directly, but for the Cepheid variables the parallactic 
motion has been used, and in the case of the giant M stars a combination of results 
derived from peculiar motion and trigonometric parallaxes. The formulae employed 
are shown in the text. The absolute magnitudes obtained in this way have been 
plotted against the relative intensities of certain pairs of lines and from the resulting 
curves reduction tables have been constructed for each observer. These curves 
are continuous except in the case of stars of the late K and M types where the division 
into giants and dwarfs introduces a marked discontinuity. The absolute magnitudes 
and parallaxes derived by means of these tables are found to have probable errors 
of =o.4 magnitude and +20 per cent, respectively. The method used in classifying 
the spectra and in estimating the intensities of the spectral lines is described. 

Absolute magnitudes and spectroscopic parallaxes of 1646 stars, including revised 
values for 495 stars contained in the 1917 list.—An extensive table gives the Boss or 
Cincinnati number, the name and position of each star, the Harvard visual magnitude, 
total proper motion, spectral type, absolute magnitude, and spectroscopic parallax. 
The trigonometric parallax is given, if known. 


The determination of the absolute magnitudes of stars from the 
intensities of certain spectral lines has formed a regular part of the 
stellar spectroscopic work of the Mount Wilson Observatory during 
the past five years. Photographs of the spectra obtained for measure- 
ments of radial velocity have also been utilized for the calculation 
of absolute magnitudes, and the lists of stars under observation 
have been selected with both of these purposes in view. 

Since the last publication in 1917, of absolute magnitudes 
and parallaxes for any considerable number of stars, numerous 
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developments and changes have taken place in the methods used 
for particular groups of stars and in the material upon which the 
spectroscopic reductions are based. The rapid increase in the 
number of parallaxes determined trigonometrically by the photo- 
graphic method has in particular added greatly to the accuracy of 
the fundamental values used as the basis of the spectroscopic 
reductions. ‘They have also made it possible to divide the stars 
into groups of comparatively small range in spectral type, and 
thus to secure a continuity in the reduction tables which was not 
possible when the material was more scanty. With the aid of 
this large amount of valuable trigonometric parallax material, and 
the results furnished by computations based on the parallactic 
and peculiar motions in the case of stars having very small paral- 
laxes, we now feel reasonably certain that a reduction scale has been 
established which will not require very serious modification in the 
future. Such corrections as may become necessary when our 
knowledge of systematic errors in trigonometric parallaxes and of 
mean parallax relationships is more advanced than at present can 
probably be applied in the form of tabular modifications of the 
results given here. 

The main purpose of this communication is to place in the hands 
of astronomers the results in the form of absolute magnitudes and 
parallaxes so far obtained by the use of the spectroscopic method. 
For this reason no attempt is made in this place to discuss the 
bearing of the material on a number of stellar problems. We 
expect, however, at an early date to supplement this article with 
a consideration of the evidence afforded by the results on such 
questions as the giant and dwarf divisions among the stars of the 
several spectral types, the relationship of parallax to proper motion, 
the probable systematic errors in parallax determinations, and the 
motion in space of the stars in the list. 


DERIVATION OF THE REDUCTION TABLES 


The general principle employed in the derivation of the reduc- 
tion tables has been to group the stars according to spectral type 
and absolute magnitude, using provisional tables for computing 
the latter, and then to derive systematic corrections to the pro- 
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visional absolute magnitudes on the assumption that the corrections 
are constant for the groups in question. 

The relative accuracy of the three methods used in computing 
mean absolute magnitudes—from trigonometric parallaxes, par- 
allactic motions, and peculiar motions—is quite different for the 
near and the distant stars. For the nearer stars the trigonometric 
parallaxes give by far the most reliable results, while for stars among 
which there are no large parallaxes the parallactic motion gives 
the best result, provided the peculiar motions are small, no selec- 
tion based upon proper motion has been made, and the group of 
stars as a whole is at rest relative to the stars in general. For 
this reason the parallactic motion has been used to compute 
the mean absolute magnitudes only for very large groups of stars. 
The result in such cases has been found to agree closely with that 
derived from trigonometric parallaxes and hence has been used 
merely as a check upon the latter. Exceptions are the Cepheids 
and the stars of similar spectral type for which the parallactic 
motion has been used exclusively. 

A peculiar feature is that the parallactic motion for the dwarf 
stars gives very much larger mean parallaxes than those derived 
directly from measured parallaxes, probably indicating that these 
stars as a whole have a velocity differing from that of the stars 
in general. 

The peculiar motion can give accurate results only if the peculiar 
velocities are large as compared with the solar motion. The results 
from the peculiar motion are in good agreement with the results 
from trigonometric parallaxes for all stars fainter than about 
absolute magnitude +2. For such stars, however, the measured 
parallaxes are large enough to provide good determinations of the 
mean absolute magnitudes, and consequently the only case in which 
the results from the peculiar velocities have been used is that of 
the giant M stars, for which a combination of the results from 
trigonometric parallaxes and; from peculiar motions has been 
employed. 

The formulae used for computing mean absolute magnitudes 
from trigonometric parallaxes, parallactic motions, and peculiar 
motions will now be deduced. 
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a) Trigonometric parallaxes.—The following notation has been 
used: 
a =true parallax 
w) =trigonometric parallax 
€. =true error of the trigonometric parallax 
M,=true absolute magnitude defined as the apparent magnitude at a 
distance corresponding to a parallax of o”1 (10 parsecs) 
M =most probable absolute magnitude 
M,=absolute magnitude as given by the provisional reduction tables 
S =systematic correction to M, for reducing it to M 
T =accidental error of M,+S 
m =apparent magnitude 
a, =spectrossopic parallax based on M, as the absolute magnitude 


We then have: 
M,=M,4S+T=m-+st5 log (aot) 


and 
M,=m+5+5 log zm; 
Hence 
S1T=s5 log Tobe 
Tr 
or 
T=TopE=T, 10°75) = gq o7 (x) 
where o=10°-25 and r=10°-2F 
Further 
t=10° T=1+E+hE +... 
where DO (2) 
garners =0.4605 T 


We shall limit ourselves in the following to the second order 
of the error T. 

From equations (1) and (2) we may deduce an expression for the 
mean of a number of parallaxes. We shall then make use of the 
well-known approximate formula 

eos 


which is valid if the two variables a and b vary independently of one 
another. Since a; is dependent upon T and thus also upon 7 and 
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E, we must separate 7, from r before taking the arithmetical mean. 
From equation (1) we obtain 


_ TEE 


T 


10 


= (mo+€)(1-E+3E") 


From this equation we deduce 


T10—TA=e—TE (3) 
where 
A=r+}P (a) 


In the following we shall assume that the errors e, and T, and 
hence also £, have a normal error-distribution. 

Taking the arithmetical mean of a number of equations of form 
(3) we obtain 


1:0 —T)A =o or Sache (5) 


where 
A=1+tF'>1 (6) 


The quantity a,o is the parallax corresponding to the most 
probable absolute magnitude M=M,+S. The mean of a series 
of these parallaxes is not exactly equal to the mean of the corre- 
sponding trigonometric parallaxes, but is systematically larger. 
This fact depends upon the unequal effects produced in the spec- 
troscopic parallax by a positive and a negative error of the same 
size in the estimation of the absolute magnitude. 

In order to make the spectroscopic parallaxes directly com- 
parable with the trigonometrical ones, we shall define the quantity 


To ; é 
= as the spectroscopic parallax 7’, and in the first instance deter- 


o : 
mine the quantity rs The absolute magnitudes corresponding 


to these spectroscopic parallaxes have been denoted by M’ and are 
those given in the catalogue. 
We then have n 
M’=m+5+5 log ris—5 log A 
M’=m+5-+5 log x’ 
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The most probable absolute magnitude M defined in such a 
way that a positive and a negative error T have the same proba- 
bility is related to M’ by the equation 


M=M'+5 log A (7) 
and : 
re 0.02 

A=I+ Mod? (8) 


where 6 is the mean error in an estimate of the absolute magnitudes. 
: 0 : 
In the determination of a we start from the equations of 


condition (3) 
< T0—TA =e—TE 


If the range in the values of 7 is small, we may find 7 by taking 


arithmetical means of equations (3) multiplied by the relative 
weights ~ of the trigonometric parallaxes: 


o LZhio 
Apr, 4 
If the range in 7 is considerable, we do not utilize to their full 
extent the higher weights of the larger parallaxes by using equation 
(9). An ordinary least-squares solution might give erroneous 
results on account of the effect of large values in the errors E and 6). 
For this reason we have in general used a compromise between the 
direct mean of the equations of condition as given by (9) and 
the ordinary least-squares solution based upon the weighting of the 
errors €. Dividing the results into three or four groups according 
to the size of 7,, we have as in (9) 


oO 
=z Tr — oO 
Fi Pp pu 


Weight = (10) 


I 
n 
where & is the mean error of the trigonometric parallaxes corre- 
sponding to unit weight, 7 is the number of stars, and 
Siig WeOnOdi@s 
Mod? 
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If we assume definite values of k and 7 we can make an ordinary 
least-squares solution of equations (10). The values of k and n 
used are 


k==+0/015, corresponding to a probable error in 7 of +o”o10 
n= =o .205, corresponding to a probable error in M,+S of 0.3 


In order to secure a grouping independent of the errors in the 
estimates of the absolute magnitudes, a solution was made using 
the proper motions reduced to zero apparent magnitude as a basis 
of the grouping. In this case there is less danger of a systematic 
effect upon the sums ZT and YE which we have to suppose to be 
equal to zero. 

In the first computation of the systematic correction to the pro- 
visional reduction tables all available trigonometric parallaxes 
for stars in the list were used. The reductions to absolute parallaxes 
were generally computed from the apparent magnitudes of the 
comparison stars, using the table given by Kapteyn in Groningen 
Publications, No. 24, page 15. For the parallaxes determined at 
the Allegheny, McCormick, and Sproul observatories a constant 
reduction of +0005 and for the Mount Wilson parallaxes one of 
+o"”oo2 has been applied throughout. The weights of the differ- 
ent determinations based upon the size of the probable errors are 
as follows: 


Mount Wilson . A aha Voute . 0.5 
Greenwich ~ fea Abetti . 0.4 
Allegheny LO Russell . Ong 
McCormick . 5 itale Peter Ook 
Sproul Se rO Jost Ow 
Yerkes nat Ke, Kapteyn °.4 
Waleae OS Flint I . 0.05 
Fox Alco Flint II 0.2 


A second approximation was made using only the parallaxes 
determined at the Allegheny, McCormick, Yerkes, and Mount 
Wilson observatories, all being given the same weights. Slight 
corrections based on this latter computation were then applied 
to the tables resulting from the first approximation. In the final 
analysis the reduction tables are thus based almost exclusively on 
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the four series of trigonometric parallaxes mentioned above. The 
differences between the two solutions are, however, very small. 

b) Parallactic motion—The co-ordinates of a star in space 
relative to the sun and referred to the equatorial system of 


co-ordinates are 
X =r COS a COS 6 


Y=r sin a cosé (11) 
Z=r sind 


where 7 is the distance from the sun and a and 6 are the right 
ascension and declination of the star. Differentiating these equa- 
tions with respect to the time, we obtain the velocity components 
x, y, and z, in km per second relative to the sun. 


x= V cos a cos Eu sin a+y, Cos a sin 6) 
E Rk f : 
y=V sin a cos S++  (us COS a—p, Sin a sin 6) (12) 


z=V sin ote, cos 6 


where 
V =radial velocity 
a = parallax 
1=Ma COS 6 
M2= Ms 
Ma and ws=annual proper motion in a and 6 in seconds of arc 
_ astronomical unit of length in km _ 


a number of seconds in a year ae 


Introducing the velocity components 2, yo, and % of the sun 
relative to the geometrical centroid of a large number of stars, we 
have 

t+% =e, Yty=e, stm =E 


where ¢€,, €,, and e; are the peculiar velocity components of the 
star referred to this centroid. 

If we use the same co-ordinates for the sun’s apex for all spectral 
types and absolute magnitudes and adopt the values computed 
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for the stars of later type given in Mount Wilson Contributions, 
No. 144, page 14, 


M=270°90, &=+20°%2, V.=21.48 km/sec 
we find 
Xo=+0.28, yo=u—18.75, %=+10.48 


The following auxiliary quantities have been tabulated: 


A ,=X» SIN a—Yo COS a ( 
Bo=%X cosa sin 6+, sin a sin 6—2z, cos 6 ms 
We can then derive 
a 
I 
Pn (14) 
(= 
Tv 


The quantities e’ and e’’ are the components of the peculiar 


velocities of the stars on two axes perpendicular to the line of sight 
in the direction of increasing right ascension and declination. 

In order to obtain the mean absolute magnitude we may proceed 
in the following way, the notation being the same as in the discussion 
of the trigonometric parallaxes: 


p= 10°: 2(Mst+S+T—m)—1 20:1 OT 


p 
where 
c= To? 25 
T= Too: 2L 
p= To°:2 (m—M;) 
Equations (14) may then be written 
10k rok 
Ae gl Bees axel (15) 
OT OT 


The components of the proper motions p, and p,, however, are 
affected by systematic and accidental errors. The systematic 
corrections given by Boss in his Catalogue, page xxviii, have been 
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applied.t Denoting the accidental errors in pw, and p, by 7, and », 
we can write equations (15) in the following form: 


Avot ore’ 


en — Bap pe eae 


(16) 
Boor Aes ore” 
Tar M2P = Pz eras 


As in the case of the trigonometric parallaxes, we shall write r 


in the form 
7=1+E+1E'=A+E 


The equations of conditions are then 


~ ce 6G AE 
AoX—Mxp te AE REN eres 
pM gedit _oe! cA 

ov — M2Pp = PN 2 aor =a (17) 


where 
ne Ao _ (1+3F*)o 


10k Iok 


The first terms on the right-hand side of these equations increase 
with the apparent magnitude. The second terms are usually the 
largest, while the existence of the third terms tends to decrease 
the weights for stars farthest from the apex and antapex. In order 
to make the weights more uniform we have in the case of the distant 
stars limited ourselves to those brighter than apparent magnitude 
5.5. At the same time this limitation decreases the effect of a 
selection among these stars according to proper motion, since 
nearly all can be assumed to be selected on account of brightness 
alone. In order to reduce the effect of large peculiar motions and 
large accidental errors in the absolute magnitudes, we have collected 
the equations of condition (17) into a few groups according to the 
size of A, and B,, formed means, and given each of these new 
equations of condition a weight according to the number of stars. 

The new equations of condition are then 

A.x—px3p=0 


TOSS ET Weight V (18) 
Box — 2p =0 : 


™ The Catalogue, however, gives the total proper motion without these corrections. 
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When x has been found from the solution of equations (18) 
we have 


oA =10kx 
and ai 
oe rokx 
rire (19) 


The mean absolute magnitude M’ used for computing the most 
probable parallaxes can then be obtained by adding the quantity 


5 log ==5 log x +5 log k+5—10 log A 


ss 
A 
to the mean of the provisional magnitudes M,, a provisional 
value of A being used. 

This method of deriving mean absolute magnitudes from the 
components of the parallactic motions requires less computation 
than that based upon the total parallactic motion. It is similar 
to that used by Charlier in his study of the B stars.* The systematic 
correction to the absolute magnitudes due to the errors in the 
estimates of the latter that must be applied in order to obtain 
the most probable parallaxes (— 10 log A) has a tendency to make 
the parallaxes smaller. This would probably account for the differ- 
ence found in the mean parallax of the B stars when based on the 
one hand upon the assumption of equality of the absolute magni- 
tudes, and on the other directly upon the proper motions (Kapteyn, 
Plummer, Bergstrand, and others). 

c) Peculiar motion.—From equations (16), limiting ourselves 
to terms of the first order in the errors, we derive 


Eup—A =e —fp+AE (20) 
Eup — Bo=e" —inp+ BoE 
where 


From the radial velocities corrected for the sun’s motion we 
can compute for definite groups of stars the average radial velocity 


t Meddelanden frén Lunds Astronomiska Observatorium, Ser. II, No. 14. 
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a This quantity can be supposed to be nearly identical with 

n 
Lie imziet 
Seals nmirae t 

n n 

Assuming the dispersion in e’ and ¢’’ to be considerably larger 

than in the other terms on the right-hand sides of equations (20), 
we derive 


Pate +A, 
Dep —Ayl =e [+ 
eas ae (21) 
” a 2 Bult 
D|Eu.p — Bol =Dle ae 


where A,, and B,, denote the average numerical values of A, and B,, 
n2 and 72 are the squares of the mean errors in the measurements 
of the component of proper motion, y,cosé and p;, and x is 
the number of stars. Since the results from the peculiar motions 
were used only for the giant M stars where the peculiar velocities 
are large, it was found that the second terms in the right-hand 
members could be neglected. Equations (21) then reduce to the 
more simple form 


eae ee 


D|Eu.p — Bo| =Dle’”| 


The average radial velocities corrected for the solar motion, 
for the K term, and for the effect of stream motion were then 
computed and the values of Zle’| and Zle’’| obtained from them. 
Equations (22) were then solved by assuming approximate values 
of € and computing the corrections to these values. The results 
thus obtained were nearly the same as those found from computing 
geometrical mean parallaxes from the r and v components according 
to the method devised in Mount Wilson Contributions, No. 144, 
page 7. 

REDUCTION CURVES 


The values of AM,=5 log . having been computed for groups 


of stars of different spectral types and absolute magnitudes, accord- 
ing to formulae (10), (18), and (22), the sums M,+AM,=M’ were 


434 


PARALLAXES OF 1646 STARS 


03 


properly weighted and plotted against the mean intensities of the 


several spectral lines used in the determination. 


When the cor- 


relation curves were computed, a continuous change of absolute 
magnitude with line-intensity and with spectral type was found 


TABLE I 
pac Fo | F8 478 Fs | Gq. | Ko |. Ka] [ks || Me 
4072 4250 
SS SOOO ION ora: See Oise ate| 2 Ol 2 ho ||| On Og |= On| peers 
Se ok ere =O:5 |— 0-8 [I-A 00 a. = 4n| One |\-f-Ord | —O. 2 == tallies 
+2.0 [aeEsd SedaS estes Onn. oe +o.1 |+0.6 |+2.7 |+0.3 |—o0.4 ]...... 
= Sn BAC o ers $2.3 \4-2.4. |) 2.02.5. SNe 2 Oulta3 coy let Tae sly O), oa eeeral 
OsOga. cic SRO Se Salsa One) sate a aetna? be bel OMG a clio oeace 
SHS hae +3.8 |+4.3 OcOet ate 4.8 |-562 [5.2 |--6.5 147.2 |...... 
—2.0....; SEASS I-50 1 (|2 Ow ees +6.4 |-+6.1 |+6.1 |+7.2 |-+-8.2 I+ 9.0 
Deicie eee e hell cee Seeiie cate = 2.0.6. we|ocacwe|e eee o( OO) (4-7-0 |--On4 | rted 
a Fo F8 sass F8 G4 =o K, | Ks | M 
4271 4461 
SOs eA Pes reore ee —= DO erall Pareeade al cies exael| eatin OFOU| aeare ete | treet 
eye 2 Ol cis ce = On 5 uateOn Salles Onertaere =F ON Poke [ae 2xO lan Lele leis eee eto 
Sisto heres 2.0 {4-1-0 Os Omer pr SO rere ote) amsiasyalineerronllas ioe c 
Glos. = 2 Qala 2 Salle poe Owners i SO Sisyel iptctot lc eie@leln Oa ale meate dione oc 
Said Oi Alen os oa Se Se bas se Sy Al | fee RRO IO (Cnc +6.7 |+6.5 |+6.7 |+7.1 |+ 7.2 
BO On sins ARS Ndr al (beat 3 On on chante. ee etait @ octet +6.7 |+7.3 |+7.7 | +7.8 
Rs ecg nifsceoa a: BES iOoN || Gan? See odd epocon| arses jpoooudlmnyfer/ |aetiasy | Gotsar! 
witha Bie, Pee eae eed ence =f 8 Os, avs. cee velelarel cre boners) toner orale hex ate oma eats ORO) 
SRE ro ty ores ene “OX Omiya Aon shag |iceFe cron aes en| waoe le sO eat OO) 
ee ee Woe serail 2 rer crere aati ROR avail erateretorsll oie vie axs el estes [atalererece | Memes eaters LOO! 
= EA Tet EN RRA eae Se ROC trea eed ensieer eal ieee (areca ont (cheesy oe ed 
4AS4 F8 G4 Ko K4 K8 M 
4494 
CRONE CAGE Se) ERECT) (acre Ol On ae sl eee Brn) ft Oo Aa —1=O rd all arseayennl lowe crepes 
Pei oc F elecareom SRT EOn cele a On ait An pede On | yd nO eenehneca eesdener aie 
Pete ois ores Volo le isle syabortata S PACA Srdlapoal. lark Suk pier pOeeOh tle Som saloadsac 
6 Soe eased eels] Baar A Oona ned ecla POR ape |e) ERGs: Ia oncoc 
Reeser cote | shake consist eres A OAs ve clone vewalonages (Oe S It O.8 |= 7. Balse7 238 
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nie R ae ee See aeons AON Onis dtc lsd oak ell atone Oe are are eres oll RO eA epee Ou: 
at 7d eT hoe ra eae rere Sere a scyerall cea ierare | asain | ate rete ellen ete tee feo r Oa ate Onme 
EE Me AEN raha lion ae re fer Ol vse anetrael| Gaius alae tore aan ala Oda at LOO 
Me ete eihnor ll actarets ell welt os <tc Orve iain elllater er ete | ciaieiote | elevers terol ise eee cI Oe ol Ais LOl 
Be Pen fers ore liSealle, sari Nace. rete TOMO a ccaleietae alia cure uel scare eats | ae aterensll oktnermter-| | Shee: 


except in the case of stars of the late K and M types, where the 
division into giants and dwarfs caused a marked discontinuity. 
The scale used in the estimates of the line-intensities being an arbi- 
trary one, different reduction tables were computed for the three 
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observers, Adams, Joy, and Miss Burwell. An abstract of the 
tables for Mr. Adams’ scale is given on page 13. The differences 
of intensity for the pairs of lines employed are given under their 
wave-lengths and the corresponding absolute magnitudes under 
the successive spectral types. 

Among the giants the rate of change of absolute magnitude 
with line-intensity is very large in the case of the line 4454, and for 
this reason the two estimates of this line whenever made have been 
given half-weight. 


PROBABLE ERRORS OF THE ABSOLUTE MAGNITUDES 


A determination of the probable errors of the absolute magni- 
tudes has been made using the trigonometric parallaxes for this 
purpose. 

Equation (3) can be written 


a! —T%)=&—TLE=v 


where 7’ is the most probable spectroscopic parallax. 
Calling the weights of the trigonometric parallaxes p, we find 


LZ pv? —nk? 


E ~ Spn3—nk? (23) 


where & is the mean error of a parallax of weight unity. 

If a star has been measured by several observers, the error in 
the trigonometric parallax becomes smaller, but the error in the 
spectroscopic parallax is unaffected. It is, therefore, necessary 
in some way to equalize the weights of the trigonometric parallaxes, 
and we have used the method of giving all stars for which the 
weight is equal to 1 or larger the weight unity, omitting all paral- 
laxes of smaller weights. As before, the unit of weight has been 
assumed to be such as would correspond to an external probable 
error of =ofo1o. Calling the mean error of the absolute magni- 
tudes 0, we have 

@=25 Mod? B?=4.715F? 


The following table gives the values of the probable errors r 
computed by this method: 
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TABLE II 

Spectrum M Number r Spectrum - M Number r 
250 28 +=0.30 : I.0 42 +0.51 
IN BAS eae ZeL-tOia.0 sr .58]| G5-G8 Ter torso 30 38 
21.0 25 -42 BS yeu 24 25 
Fe-FS.... <"355 38 =0.34 2050 59 +£0.32 
She & 3.6 48 .38 Go-K T,1/toi3z20 27 753) 
er 3.1 to 6.0 33 .46 
(< 4.0 42 +0.64 > 6.1 38 36 

Fo-G4.... ee to 5.0 30 Pre 

Ss 18 .46 eek <2 23 +0.00 
oa hl Seegae 25 24 
<—3.0 33 0.00 
7720 17 20 


When the probable error is equal to 0.00, the residuals are 
smaller than those due exclusively to the effect of a probable error 
+o"ot1o in the trigonometric parallaxes. 

For the sake of convenience we may assume a probable error 
in the absolute magnitudes of +0.40 throughout. The corre- 
sponding value of A is then 


Pees 0.027 


2 0.455 Mow# *°°373 


The correction which must be applied to the absolute magnitudes 
M’ given in the table, in order to convert them into the most prob- 
able ones, is therefore (equation 7) 


5 log A= +0.08 


The probable errors 7’ of the spectroscopic parallaxes can be 

computed from the formula 

pn 

5 Mod 

If 

r= ==0.40 
we find 

7! = 0.184 7 


In other words, the probable error of the spectroscopic parallaxes 
is somewhat below 20 per cent of the parallax itself. 
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EFFECT OF SYSTEMATIC ERRORS IN THE TRIGONOMETRIC 
PARALLAXES 


Several studies of the systematic difference between various 
series of trigonometric parallaxes have been made recently. A 
special solution has been undertaken, applying the systematic cor- 
rections derived by van Maanen and Miss Wolfe (Mt. Wilson 
Contr., No. 189) for reduction to a mean system. ‘The most impor- 
tant of these corrections is that of +07%0027 to the Allegheny 
parallaxes,* which, on account of their large number and high 
weight, has a tendency to make the spectroscopic parallaxes larger. 
The effect upon the absolute magnitudes, if these corrections were 
applied to the measured parallaxes, can be seen from the following 
table: 


TABLE III 
Spectrum A-F8 Fo9-G8 G8-K4 Ks-Ko M 
Giantsinqet +0.03 -++o.09 +0.06 °.00 +0.03 
Dwarfs...... +0.05 +0.04 +0.03 +o0.0o1 +0.03 


The spectroscopic parallaxes would then be increased by a 
quantity equal to (10°?4“—1). It thus appears that the systematic 
effect arising from this source is very small. 


COMPARISON WITH TRIGONOMETRIC PARALLAXES 


A direct computation of the difference, spectroscopic minus 
trigonometric parallax, has been made for the stars whose parallaxes 
have been determined at the Allegheny, McCormick, Yerkes, and 
Mount Wilson observatories. The algebraic mean difference, 
assigning all the stars the same weight, is given in the third column 
of the following table, while the weighted mean difference is given 
in the fourth column. ‘The weights are here based upon the facts 
that the errors in the spectroscopic parallaxes are proportional to 
the parallaxes themselves, while the errors in the trigonometric 


‘The correction given in the paper cited is +-0%0042, which is a mean of two 
determinations. A mean reduction to absolute parallax of +07%0035 was used, while 
in the present system we have used +0”005, which accounts for the difference. 
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parallaxes are independent of this. The quantity S’ is computed 
from the equations of condition 


S’=74—m, weight = 
e+ Lr 


where the errors in the trigonometric parallaxes and the absolute 
magnitudes are based upon the probable errors +o”o10 and +0.4, 
respectively. We have then 


€=0.00022, E?=0.0746 


TABLE IV 
ram ber Not hy aaa bh i 
PMCEREHY fis tale sos ews 296 +o070018 -+07%0031 070007 
WicGormicke wes c8 &. toc 209 —0.0008 +0.0020+0.0010 
PET RES ew me aeiR A cemne cs 98 +0.0019 +0.0016+0.0015 
MounE WISONS Oe.5 ook ener 79 —0.0030 —0.00320,001I 
682 +070005 


It is to be noted that in computing the reduction tables the 
larger parallaxes have the highest weights, so that we cannot 
expect S and still less S’ to become zero when all the stars are 
taken together. 

The weighted means S’ can be supposed to represent the sys- 
tematic corrections to the trigonometric parallaxes, if these correc- 
tions can be regarded as constant. They agree well with those 
found by van Maanen and Miss Wolfe except in the case of the 
McCormick parallaxes. The difference between the weighted 
mean S’ and the unweighted mean S shows a dependence upon the 
size of the parallax, which can hardly be due to the spectroscopic 
parallaxes, since for the other series of results the values of S and S’ 
are very nearly the same. A direct comparison between parallaxes 
of the same stars measured at the four observatories shows that the 
correction to the McCormick parallaxes possibly depends upon 
the apparent magnitude, so that the unweighted mean probably 
gives a more reliable value for the systematic correction for these 
stars in general. 
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THE CEPHEIDS AND PSEUDO-CEPHEIDS 


The absolute magnitudes of the Cepheid variables and the stars 
with similar spectra, which for convenience we may call Pseudo- 
Cepheids, have been computed from the parallactic motions alone, 
the trigonometric parallaxes being too small to furnish reliable 
data for this purpose. These two classes of stars have been reduced 
with the same tables, as it was found that their mean absolute 
magnitudes were about the same. 

If the absolute magnitudes of the Cepheids are plotted against 
o.2m+log wu, a marked correlation between these quantities can 
be found. 


— 


TAURUS GROUP 


A comparison of the spectroscopic parallaxes of the stars 
belonging to the Taurus group with the parallaxes of these stars 
as measured by Boss' and Kapteyn? was made and the results are 
given in the following table: 


TABLE V 
Spectrum M Number* x To AM 
A8-F2...... 1.6 to 2.5 7 o”017 07025 +0786 
e-Goumenre Bn ye uoebene 7 .020 .024 +0.45 
(CR ren ase 4.5 tos5.5 4 .022 .023 +o.12 
Gr-Go musiek 0.4 to1.4 4 .025 .025 —0.03 


* Several of the stars used here are not given in the main table, as in some cases only one spectro- 
gram has been secured. 


The large positive correction to the absolute magnitudes for 
the F-type stars cannot be reconciled with the great number of 
large trigonometric parallaxes for the stars of this type in general. 
Most of the F-type stars belonging to the Taurus group, however, 
show very hazy lines which are difficult of estimation, and for this 
reason these stars can probably not be regarded as representative 
of the F stars in general. 


t Astronomical Journal, No. 604, 1908. 


2 Groningen Publications, No. 23, 1909. 
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COMPARISON WITH RESULTS FOR FIVE HUNDRED STARS 


The absolute magnitudes of the stars contained in the list of 
500 published in 1917" were subject to errors due mainly to three 
causes: (1) the insufficiency of the trigonometric parallax material 
upon which the reduction curves were based; (2) the resulting 
necessity for grouping into too large divisions of spectral type; 
(3) the uncertainty in the reduction of the Cepheid variables. 

The discussion of the method of reduction used for the stars 
contained in this list shows how great an improvement has been 
effected as regards the first two of these factors. A completely 
different system of reduction has been used for the Cepheid vari- 
ables and stars having a similar type of spectrum. These were 
treated under the normal spectral types in the list of 500 stars, 
while in the present discussion they have been reduced independ- 
ently as a special class. This has resulted in a large systematic 
difference compared with the earlier values, the present absolute 
magnitudes being considerably brighter. 


TABLE VI 


DIFFERENCES IN M, 1920 SYSTEM minus 500 STARS 


M<3.0 M=3.0—5.0 M>+5s.0 
Number Difference Number Difference Number Difference 

A-F8.... 23 —0.46 77 —0.54 I —0.3 
Fo-G8. .. 51 —0.30 51 =0.05 41 —0.20 
Go-K4... 78 +0.08 12 +0.83 64 —0.12 
Ks-Ko... be) SST OD | rtaetstelstenctel| tows oheretersione ats 29 —0.07 
Nee oes 20 SSE LD Me orate cel a lllsraetee soa at ates 15 —0.10 
Cepheids. 14 DAO, Wo) le ecepeye isles is eters rerereve ove\| ele Rovere amelie te avevovore eterers 
All types 

except 

Cepheids IQI —0.32 140 —0.24 I50 —0.13 


The summary above gives the results of a comparison for 
495 stars common to the two lists, the differences given being the 
corrections necessary to apply to the stars in the list of 500 in order 
to reduce their absolute magnitudes to the present system. As 
would be expected, the corrections for the fainter stars are consid- 
erably smaller than those for the brighter. 


1 Mt. Wilson Contr., No. 142; Astrophysical Journal, 46, 313, 1917. 
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METHOD OF ESTIMATION OF INTENSITIES 


A brief description of the method of classifying the spectra and 
of estimating the intensities of the spectral lines used in the deter- 
mination of the absolute magnitudes will perhaps be of value. 

The spectrograms are examined under a Hartmann spectro- 
comparator and the hydrogen lines are first compared with the 
neighboring lines \A\ 4326, 4352, and 4405 in the case of Hy, and 
dA 4872 and 4957 in the case of Hf. From the relative intensities 
of these pairs of lines, with the aid of a reduction table based upon 
standard spectra, the ‘‘measured”’ type of spectrum is determined. 
In the case of spectra between Fo and Go comparisons are also 
made with AX 4227 and 4384, while H@ is omitted. 

Estimations of the spectral type are made from direct compari- 
sons with typical spectra selected from the Harvard list. The 
spectra of three stars having the types Fo, F5, and Go have been 
photographed upon one standard plate, and those of three other 
stars with spectra G5, Ko, and Ks5 upon another plate. These 
spectra are placed under the second microscope of the spectro- 
comparator and are brought side by side with that of the star to 
be classified. Values intermediate between those of the typical 
stars are estimated from comparison with the stars having spectra 
on either side, especial consideration being given to the calcium line 
d 4227 and the chromium lines AA 4255 and 4275, which vary rapidly 
with spectral type and form a valuable criterion. It is probable 
that all three of these lines vary to some extent with absolute 
magnitude, but the effect seems to be slight except in extreme 
cases like the Cepheid variables. 

The estimations of the relative intensities of the pairs of lines 
for determinations of absolute magnitude are made in the same 
way as those of the hydrogen lines. In stars of types A to F7 the 
lines compared are #}43 and 433°. In types F8 to G, the three 
pairs 4344, 4463, and 443% have been added, and these have been 
used exclusively for later types of spectra except the M-type giants. 
The latter and the Cepheid variables have been treated separately. 
For the M-type giants the intensities of the lines \\ 4077 and 4215 
have been compared directly with those in the spectra of the stars 
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8 Andromedae and » Geminorum. In the case of the Cepheids 
the pairs of lines have been $$43, 434°, and 422%, a special table 
being used for reduction purposes. 


DESCRIPTION OF CATALOGUE 


In the extensive table which follows, the successive columns 
contain the following data for each star: 


Column 1. Number in Boss P.G.C. or in Cincinnati Publication, No. 18. 
2. Name of star, double stars being assigned the number in Burnham’s 
General Catalogue in case they have no Greek letter or Flamsteed 
number. 

3 and 4. Right ascension and declination for 1900. 

5. The magnitudes from the revised Draper Catalogue are used for 
stars within the first twelve hours of right ascension. In the case 
of faint B.D. stars the B.D. magnitude has been corrected in 
accordance with the values given in H.A., 72, 214. In the case of 
double stars and spectroscopic binaries, the magnitude of the 
brighter component has been calculated from the combined magni- 
tude in accordance with the: relative intensities of the two 
components. 

. Total proper motion taken from Boss’s P.G.C. or Cin. 18 when given. 

. Estimated Mount Wilson spectrum. 

. Spectrum as determined from the intensities of the hydrogen lines. 

. Absolute magnitude M’ calculated from the line-intensities. 

10. Parallax corresponding to M’. 

11. Weighted trigonometric parallax. 

12. Authority for the trigonometric parallax. The following are the 
principal abbreviations used: A, Allegheny; Ab, Abetti; C, Cape; 
D, Dearborn; F, Flint; G, Greenwich; J, Jewdokimow; Jo, Jost; 
K, Kapteyn; Kos, Kostinsky; M, McCormick; R, Russell; Ram, 
Rambaut; S, Sproul; W, Mount Wilson; Y, Yale; Ye, Yerkes. 


o0 Oonm O 


The significance of the symbols occurring in the catalogue is 
as follows: 


* See note at end of table. 

+ Magnitude corrected to the brighter component of the double star or spec- 
troscopic binary. 

t Unpublished proper motion by Kapteyn. 

§ Cepheid or Pseudo-Cepheid reduced by special curves. 

|| Unpublished proper motion by Roy. 
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NOTES 


SX Cassiopeiae. Period 36.5 days. Enhanced line spectrum similar to a Cygni 
Hydrogen lines H8 and Hy have bright edges. 

A.G. Bonn 4686. Proper motion from Groombridge. 

Boss 1622. Estimates made from plates lent by the Lick Observatory. 

Bu. 3474. Proper motion by Batterman. 

Comp. a Geminorum. Bu. 4122C, distant 72’. A spectroscopic binary having 
bright hydrogen lines. 

Lal. 15389. Proper motion by Bossert. 

S Antliae. Short-period variable. Period =o%32. Spectrum lines extremely 
poor, probably indicating rapid rotation. Secondary component suspected. 

W Ursae Majoris. Algol variable. Period 8 hours. Both spectral components 
show. Lines very wide due to rapid rotation of the two stars. 

Boss 2830. A close visual and spectroscopic binary. Estimates made from 
plates taken by Sanford at the Mills Station of the Lick Observatory. 

Boss 3735. Estimates from plates lent by the Lick Observatory. 

Bu. 7oo1. Proper motion from Greenwich. 

Boss 3846. Spectrum lines very poor, resembling those of W Ursae Majoris. 

Bu. 8068A. Proper motion from Porter. 

7:1917 Serpentis. Peculiar variable discovered by Wolf and Barnard. Hg 
bright. 

W Serpentis. Spectrum shows doubly reversed bright hydrogen lines. 

Bu. 9401 Br. Proper motion from A.G. Berlin. 

Bu. 9569. Proper motion from Auwers. 

Bu. 10504 Br. and Ft. Proper motion from A.G. Berlin. 


Mount WILson OBSERVATORY 
October 1920 
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SUBJECTS 


Absorption spectra produced by electric furnace, characteristics, 61 

Air lines in spark spectra, 211 

Barium, electric furnace spectra, in region of greater wave-length, 167 

Binaries, spectroscopic, orbit of Boss 2285; 37 

Boss 2285, orbit, 37 

Calcium, electric furnace spectra, in region of greater wave-length, 167 

Capella, interferometer measurement, 225 

Cepheid variables, periods and light-curves, 379 

, Spectroscopic orbit of X Cygni, 395 

Clusters, globular, photometric analysis of Messier 68; 71 

, in Sagittarius and Scutum, 125 

, photometric catalogue of 848 stars in Messier 3; 85 

, studies based on their colors and magnitudes, 71, 85, 323, 379 

Cobalt, electric furnace spectra, in region of greater wave-length, 167 

Color of the nebulous stars, 273 

Colors and magnitudes in stellar clusters, 71, 85, 323, 379 

Distribution of stars in space, 289 

Double stars, application of interferometer to their measurement, 225 

Electric furnace absorption spectra, characteristics, 61 

Electric furnace spectra, observations of Zeeman effect, 153 

, of cobalt, nickel, barium, strontium, and calcium in the region of 
greater wave-length, 167 

Electric furnace spectrum of manganese, variation with temperature, 411 

Furnace. See Electric furnace and Tube resistance furnace 

Galactic system, surface brightness as seen from distant external point, 337 

Globular clusters. See Clusters, globular 

Interferometer, application to astronomical measurements, 219 

, application to measurement of close double stars, 225 

Magnitudes in stellar clusters, 71, 85, 323, 379 

, of faint comparison stars for Nova Persei, No. 2, 359 

Manganese, electric furnace spectrum, 411 

Messier 3, photometric catalogue of 848 stars, 85 

Messier 8, 16, 17, and 22; 125 

Messier 68, photometric analysis, 71 

Messier 72; 379 

Nebulae in Sagittarius and Scutum, 125 

, photographed with the 60-inch reflector, 239 

, spiral, compared with galactic system as to surface brightness, 337 

Nebulous stars, color, 273 
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N.G.C. 6523, 6530, 6611, 6618, and 6656; 125 

Nickel, electric furnace spectra, in region of greater wave-length, 167 

Nova Ophiuchi 1919, spectrum, 147 

Nova Persei, No. 2, magnitudes of faint comparison stars, 359 

Parallax, mean, relationship to mean proper motion, 21 

Parallaxes, of 1646 stars, derived by spectroscopic method, 423 

, trigonometric, determination with 60-inch reflector, 175 

, trigonometrically determined, systematic difference, 305 

Polarization of the night sky, 33 

Proper motion, mean, relationship to mean parallax, 21 

Radiation of the tube resistance furnace, influenced by potential difference, 363 

Sagittarius, bright nebulae and star clusters, 125 

Scutum, bright nebulae and star clusters, 125 

Sky at night, brightness, 41 

, polarization, 33 

Spark spectra. See Spectra 

Spectra, absorption, produced by electric furnace, 61 

, band, intensity differences in furnace and arc among their component 
series, 375 

, electric furnace, observations of Zeeman effect, 153 

, spark, air lines from A 5927 to A 8710, 211 

Spectroscopic binary Boss 2285, orbit, 37 

Spectroscopic parallaxes of 1646 stars, 423 

Spectrum, infra-red, of sun, 399 

, of electrically exploded wires, 135 

, of manganese, electric furnace, variation with temperature, 411 

, of Nova Ophiuchi 1919, 147 

Stark effect for metals, 1 

Starlight, total amount, and brightness of sky at night, 41 

Stars, distribution in space, 289 

, double, measured by interferometer, 225 

, nebulous, color, 273 

, parallaxes derived by spectroscopic method, 423 

Strontium, electric furnace spectra, in region of greater wave-length, 167 

Sun, infra-red spectrum, 399 

Swan nebula, 125 

Systematic differences in trigonometric parallaxes, 305 

Tube resistance furnace, influence of potential difference on its radiation, 363 

Variable stars, periods and light-curves of 26 Cepheid variables in 
Messier 72; 379 

, Spectroscopic orbit of the Cepheid variable X Cygni, 395 

Wires, electrically exploded, spectrum, 135 

Zeeman effect for electric furnace spectra, 153 
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